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INTRODUCTION 
General 
Great value attaches to efficient, high-capacity communi-
cation systems. Commercial pros-pects are excellent for any 
nation or company which can control and operate new channels 
made possible by satellite relays. Distances are very great 
but power su-pplies available at the satellite station are very 
small and therefore ground receivers of the highest possible 
sensitivity are reqiired The revenue from such systems is 
directly proportional to channel capacity and hence to bandwidth 
and therefore this must be made as large as possible if the 
maximum yield is to be obtained from the very large capital 
investments involved. 
The-signal level which can be detected is governed in the 
first instance by the background noise temperature, and here 
nature has bestowed upon the designers of communication systems 
the gift of a low-noise window extending approximately from 3 
to 10 &c/s. In this freauency range the background noise 
temperature for an antenna beamed at a high angle of elevation 
is only a few degrees Kelvin and the detectable signal level 
is determined for all practical purposes by the noise tempera-
ture of the receiver. 
The development of the maser amplifier has enabled this 
low-noise reiQn of the sectruin to be exploited. Sinoc 
amplification by stimulated emission was first demonstrated by 
C. N. Townes and his associates in 1955 the maser has been 
developed into the "near-ideal" amplifier. Liquid-helium-cooled 
travelling-wave masers have noise temperatures of 3 or 
which, with gains of 30-35 dB, enable receiving systems with 
overall noise temperatures as low as 300K to be built and most 
of this residual noise temoerature comes from the aerial 
itself and. the wavegaides connecting it to the maser. While 
they do not realise the full potential of the carrier fre-
quencies the achievable bandwidths (of the order of 25 Mc/s) 
are commercially attractive and are ample even for colour 
television channels. 
In view of the practical difficulties and the cost 
involved in producing and using liquid helium, interest has 
been shown in masers cooled with liquid nitrogen. There are 
fundamental reasons why such masers could never attain the high 
performance of the liquid-helium-cooled maser, but there are 
aprlications where the extremely low noise temperature of the 
latter is not required.. By designing specially for the higher 
temperature masers can be built with noise temperatures less 
than lOO°K which, at the present time can be challenged only 
by certain types of parametric amplifier. 
There are two basic types of maser. The active maser 
material interacts with the microwave signal field either in 
a cavity or in a slow-wave structure. Hitherto all liuid-
nitrogen-cooled masers have ben of the single cavity type and 
it is not possible to overcome the disadvantages of this type 
by changing to the travelling-wave type structure as has been 
done at liquid helium temperatures. The chief disadvantage of 
the single cavity maser is that the voltage-gain-bandwidth 
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product, which is constant, is typically 10 to 20 Mc/s and 
with this simple cavity maser even this limited performance 
cannot be manipulated to full advantage since the voltage-
gain-bandwidth product does not remain constant if the 
bandwidth is increased much beyond 1Mc/s. Furthermore the 
freauency response of such an amplifier is Lorentzian which 
means that even within this limited bandwidth the shape of the 
response curve is not iheal for communications purposes. 
Work done at liquid helium temperatures in the United 
States on "Reactance Compensation" has shown that both the 
bandwidth and the shape of the response curve can be improved 
by the addition of a passive coupling cavity between the input 
waveguide and the maser cavity. Reasonably flat bandwidths of 
the order of the transition line width of the active material 
were achieved at 14 dB gain (too low for a practical liquid-
helium-cooled maser). While it is obvious that such 
spectacular performances are not possible at liquid nitrogen 
temperature it is the purpose of this investigation to 
determine both theoretically and in practice to what extent 
this principle can be applied at this higher temperature. 
Layout of Thesis 
After briefly considering the principles involved and the 
difference between liauid helium temperature and liQuid nitrogen 
temera1Ue op 	 ñ Chapter 1, the choice Cf iluby as the 
most suitable material is justified in Chapter 2. Chapter 3 
contains a detailed discussion of the parameters which deter-
mine the choice of the best pumping mode and the best chromium 
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concentration for operation at 770K. The two basic microwave 
structures for masers are considered in Chapter 4 and it is 
shown that despite their attractive bandwidth characteristics, 
slow-wave structures are not suitable for masers operating at 
770K. It is concluded that at this temperature a cavity maser 
must be used. 
In Charter 5 the various improvements that have been made 
to the bandwidth characteriiics of cavity masers by the method 
of reactance compensation" are considered and it is reasoned 
that the approach most likely to produce an improved perfor-
mance at 770K is to have one active maser cavity coupled to the 
input vraveguide by a passive coupling cavity. Calculations of 
the expected performance of such a device are presented using 
the best reported values for the various parameters involved. 
Chapter 6 describes the design and construction of the cavities 
and the special tapered guide sections required to couple into 
then.. A brief description of the associated equipment and 
measurement techniques is given in Chapter 7 and Chapter 8 
contains the actual results. These she,.- how the gain and 
bandwidth can be adjusted while maintaining a flat gain v. 
freauency cnaracteristic. The bandwidth is close to the 
expected value though the observed gains are rather low. The 
possibility of this being due to too high a signal input level 
is discussed. 
In conclusion it is claimed that the method of reactance 
comrensation has been shown to produce a gain v. frequency 




The PrinciDle of the SLimulted Emission Amnlifier 
The theory go verning the ;rinciple of stimulated emission 
was first develoned by Einstein' in his historic paper vZur 
Quantentheorie der Strahlurig" in which he considered the 
phenomenon of emission and a'osorntion of radiation in the 
light of Planck's Radiation Formula' 0 
Einstein considered the simple case of an assembly of 
molecules each of which can be in one of two energy levels 
with energies E, and H2 (H, < H2 ). The ratio of the popula-
tions n, 0 and n20 in thermal ecuilibrium at temperature T is 
given by the Boltzmann Distribution 
n 	ex-1D 
	7-~T ) 7 
ht,; 
= fl, 0 X\- kT ,1 = 
Even in the absence of an applied field of freuency V 2 there 
will be a field of this frequency caused by the continuous pro- 
cesses of emission and absorption of radiation. There are three 
such processes: 
1.1 Snontaneous Emission 
In any system with molecules in an excited state there is 
a finite probability of emission of a auantum of the annro- 
priate energ leaving the molecule in the ground state. This 
ICceA 1L p 	tioc'gi1 only to th 	ubi' oi' r 1ou1 	in th 
unper energy level, n22 and is therefore called 'sontaneous 
emissionu. Thus the rate of change of n2 due to this recess 
is 
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= - A n2 	(A = constant) 
° / stontaneous 
12 Stimulated (or Induced) Absortion 
This represents the probi1ity of a molecule in level 1 
absorbing a ouantum of radiation tom the radiation field and 
being excited into level 2. The urobahility of this occurring 
is proportional to the numher of molecules in the lower level 
and to the energy density (v) of the radiation field at the 
appropriate frequency v 12. For zero applied electromagnetic 
field there will be a field of energy density 	(v). The rate 
of ianc of n, due to this process which is called 
"stimulated" or "induced" absorption is 
(dn 	 = U()) B. n1 	(B = constant) 
dt / stimulated absorption 
1,3 Stimulated (or Induced) Emission 
Einstein reasoned that there must be an emission process 
analogous to stimulated acsorption and it was this new 
tostulate which provided a theory which agreed with the 
exuerimentally-observed facts. The probability of a molecule 
in the uuper energy level emitting a quantum of energy is 
increased by the rresence of an incident radiation field of 
the apuropriate frequency, v,2 0 The probability of stimulated 
emission is proportional to the number of molecules in the 
upper energy state and the energy density of the incident 
field 
= 	 (v)0 C. n2 	(C = constant) 
\dtU 'stimulated emission 
the syste: in eouilibrium with its surroundings at 
temperature T the porulations of the levels are constants and 
therefore the total rate of change of n2 is zero. The energy 
density of the field is /to (v) 	Therefore 
= - A. n2 + E 111. 10(V) - C. fl2 , 	 = 





Be 	- C 
Comparing this with the experimentally fitted radiation formula 
of Planch 




indicates that A/B = 	and B = C. B = C implies that for 
any molecule in the ujper state the probability of stimulated 
emission is exactly tin. same as the probability of stimulated 
absorpt!on for any molecule in the lower state. This con-
clusion is of fundamental importance in the quantum theory in 
general and in the theory of masers in particular. Another 
such principle, which no attemrt will be made to prove here, is 
that Dhotonc emitted as a result of stimulated emission are in 
phase with the thotons causing the stimulation. Clearly this 
is necessary if stimulated emission is to e used to. obtain 
a rnp 1 i fi cat i on. 
In a system of molecules in thermal eauilitrium there are 
more molecules in the lower energy state than in the urer 
state and hence a team of radiatlun of thepropriate fre- 
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cuency passing through the system will be attenuated since 
more caanta will be absorbed from the beam by the system than 
will be emitted into it. If, however, the system is in a 
state such that n2 > nj a greater number of quanta will be 
emitted into the beam than will be absorbed from it and 
siificaticn of 	ca 	suits. This is an oversimplified 
ease and in Cctice whatever type of enclosure is used for 
the system will involve losses and the condition for ampli-
fication is then that n2 > n 1 by an aaount greater than that 
corresonding to the losses. 
14 Inversion Patio and Negative Spin Temasrature 
ji 
To describe cu.antitatively the degree of inversions 
taLe omissive state is called)an inversion ratio t, I, is 
defined thus: 
- ni 
Inversion ratio, I 
=1110 - 1120 
where n2 and n, are the porulations of the upper and !owe-,- r
states respectively in the inverted state and n20 and n j o are 
the populations for thermal equilibrium as before. 
Alternatively n 1 and n2 may be inserted in the Boltzmann 
equation to define a parameter T. T then has the dimensions 
of temaerature and describes the degree of inversion. For an 
inverea system, since n2 > n1 , Ts is negative and is called 
the "'negative spin temperature". (The word "spin" occurs 
because most maser systems involve energy levels of electron 
:ins.) 
The above theory applies to any syst. governed by the 
Boltzmann Distribution interacting with any electromagnetic 
field of the aprropriate fr'eaiency. It will be advantageous 
to obtain some idea of the orders of magnitude of certain 
rarameters for the rarticular frecuency and temperatures 
involved in X-hand maser design. 
Planck t s Constant h = 6-625 x 10 	Joule-sec. 
Boltmann's Constant k = 1-36 x lO_23  Joule/ OK. 
Preauency V = 10 Gc/s = 1010 c/s. 
'pile following table shows hv/kT and the fraction of the total 
orulation nt  in each of the two levels at 15°K (liquid 
helium under reduced pressure), 420K (liauid helium at 
atmospheric pressure), 77°K (liquid, nitrogen) and 290°K (room 
temperature) 
(The suffix o denotes population at thermal equilibrium) 
T 	(°K) 	i hv/kT n10/n n70/nt (n10 - n2 0 )/nt 
1-5 C32 0-58 0-42 016 
4-2 0-090-523 0- 477 0. 0 Ali 6 
77 0-006 0-5014 04986 0-0028 
290 0-0016 0-5003 0-4997 00006 
The problem of how to achieve the condition n2 > n1 required 
for maoer action will be discussed in later chapterwhen it 
will be seen that the fraction (n2 - n )/n can, under certain 
conditions, be made larger than the fraction (n1 - n90)/n 
(i.e. inversion ratios greater than unityare  possible) but it 
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will always be of the same order. ?roa this it is immediately 
obvious why masers are usually operated at liquid helium 
tenmeratures. The 1-50N temperature has been quite widely 
used in laboratory systems but most masers which have been 
employed in practical systems were operated at 	24. It is 
seen that the population difference is about 45% at 0207K 
compared with about 0-2,1 at 77°K. Since the maser perfor—
mance is directly dependant on the population difference n2 - n 
this limits the performance at the higher temperature. The 
obvious remedy of increasing the total number of participating 
molecules cannot be applied in... criminately although it will 
be shown that some of the loss in rorformance can be recouped 
in this way. 
145 Spontaneous Emission and Noise 
This process must be considered firstly because it 
produces radiation at the signal frequency which is of random 
phase and secondly because it is a relaxation mechanism. It 
can be shown3 that for electron spin systems of the type used 
in most masers 
A 	IL 	(r)2 v 2  
3h0-  
trere 	g is the sectroscopic splitting factor, 
is the Bohr magneton, 
(gp) is the magnetic dipole moment. 
For a frequency of 10 Ge/s A 10 	sec i.e. for an electron 
sin in the upper energy level the mean lifetime is of the 
order of lOt I sec. A maser of the Thee to be considered would 
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contain of the order of 10 	spins and therefore the 
sont 	 t w aneous emission rae ould be at the most about n 	10 
photons/sec. 
t 10 Go/s the photon energy 1w is 6625 x l0_2  Joule 
and 	iO per second this corresponds to a noise pov.rer of the 
order of 10 	watts. This is in theory the only source of 
noLse in the maser and the small magnitude 01 his eoplains 
the low noise featur.s of masers. In practice there are 
finite losses in the microwave system which give rise to a 
noise ooaer dependent on the temperature. EGuivalent noise 
temperatures of the order of lOO°K have been measured for 
liouid-nitrog en- cooled masers. Even with a bandwidth of only 
1 Mc/s this thermal noise corresponds to a noise bower (ki. 
of the order of 10 	watts and this increases proportionately 
with bandwidth. Thus even for the limited bandwidths already 
achieved the thermal noise is of the order of 100 tiies 
greater than the spontaneous emission noise and hence the latter 
may be disregarded. 
;pontaneous emission is also a relaxation process. It 
has already been mentioned that the emissive condition 
(n2 > n) can never be an equilibrium condition and a system 
in such a condition will always be subject to relaxation pro-
cesses which tend to restore it to thermal equilibrium. 
Srontaneous emission is the most findamental of these pro-
cesses. If a system is perturbed fromit's equ11orium state 
then, in the absence of any stronger relaxation mechanism, 
sscntaneous emission will re-establish the equilibrium state. 
"uoTTpUoO GAIC 
—STUt S1 	UIUIU1 pU )A3IUO3 O'l pJTni5.x spçj IGUO JU13 U3 
PTJTTCFt 	3q o 	T tlopJJ PTTJ TSLt2TS AJOXOcU1 
OLfl. UGGA4OQ, UCla JUT Gq)t9 !LOTT TITI1 UDTL[M pOUJ99p 
o_  'LiS17Ut Xn.OflJS G ACM OJDlUI E iTPTL00GS pUJ- UOSOLTO O 	SflLU 
STAGT 	 JO SJ C r3 S - q - ; US 	LTM TTOU 
°SUOTOS OM IOUl RTI13XrLEU SpTATP tSS13UI E JO UJIST) GtJ, 
0U0 qJX'3UWOpCJ(i 
t2 OS[E S 'SSOOJd TJOI X 3T3.I [Uxpun 	SOUX Ti2 'STI1 
pTt 	1SXOU1 	 T 	TT0 	UOTS U SflOGU1LUOCLS St2 
V OUI 	 2J 	pU U1UI JO SXGpJO 	n, cq-e ST 1LflT 
GLf q. pU 	UUIOU1 G [Odlp OTJDl G 0 TILUC) 	u iTya -LL Su St u3i:o:: 
TOC.TP 3L12 qEUa cICOXC J1[IU1TS St 	' 	TTTCSQOJ'± UOTSSTtO 
	
G 	XOJ 	flU1JOJ LJ 'STDUGTtOSJ I01q_0_0 
UOli3XT0J TO GL O UOtflC1 TJUOO 	T?T[U 
SSU1 UOTSSTUIG SnOGUUQaS 'Ulc.S UOXTOS[) JO SUSUJCU cotp 
0TT1W .1OJ ITTT 	'SlOU3flOJJ GJ LOJTW 12 OtJ 
UT PUT-, SLtTpurLoIJflS 	02 23u -[Td-[, Oz) 	 ontx 	r:SUoC 
T1t! S 	SSOOtIC. J.5Lt20 9XS 0JG1T. 	ISASMOU 4 SU [0- 	Ott UL  
?,er Jaterisls and. Pu.mninivstems 
firt demonstration of the rinc:Lnle of stimulated. 
emission 	s tne ammonla seam gas maser or2ownes et al.''5  
but such masers are not suitable for use as amnliriers desnte 
their inversion secnanism being capable of prodacing very low 
negative uspin temperatures at room temperature since this 
mechanism can only oucrate where the mean free nath of the 
molecuJcs in the beam is large compared with the diameter o 
the beam. This limits the outpat Power to a level too low 
even for a preamplifier. Furthermore the frequency is dicLated. 
by molecular constants of the system which would he an incon-
venient restriction on the design of an ampi_fier although this 
combined with the very narrow line width has led to the 
development of gas masers as ireauency standards. 
The setrch for suitable systems i. which the inversion 
rsouired for maser amplification cold be achieved and 
maintained centred at an early stage on paramagnetic electron 
sum systems. The emissive condition can never be an 
eoaimorium one and hence a system in the emissive state wmll 
.,__, ways tend to relax to ec:ilibrium 	The levels used in solid 
state masers are ohtaaedby Zeeman splitting of electron spin 
levels by an applied 	magnetic f±id This removes the 
degeneracy in electron spin states which exists in the absence 
of such a oreferred direcUion, making states which had pre-
viously the same energy separate to an extent which correspond-s 
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to microwave transition freauencies for readily available fields 
of the order of a few Kilogau.ss. Any departure from the eçuili-
brium porulation distribution will tend to relax exponentially 
to the equilibrium state once the perturbing mechanism is re- 
moved and this decay is characterised, by a time constant T i,, the 
?t sD1n_lattice  relaxation time - so called because it describes 
the strength of the coupling between the spins and the support-
ing host lattice. 
2 1 	Two-Level Sys terns 
Two-level Systems are necessarily pulsed because a system 
of only two energy levels cannot be pumped into an emissive 
tate by a strong incident microwave field and be simultanoumly 
amplifying a weak microwave signal at the same frequency. 
Another reason is that a two-level system cannot be pumped into 
an emissive state by application of a continuous microwave field 
however great its power. All methods of producing inversion in 
a two-level system are pulsed. From the thermal eauilibrium 
state with n2 < n energy is absorbed from the pumping field 
until n = n2 when the levels are said to be tsaturatedt?. it 
J-3 impossible hovever, to make n2 exceed n 1 by any continuous 
method involving only two levels and all methods of inverting 
such systems are pulsed. The two-±eve± maser depends for 
success of c :tion on the relaxation time being long enough 
to allow the emissive state to Persist for a finite time after 
the pumping has been completed.. To permit this the only suit-
able srins are those of very loosely bound electrons in solids. 
Ordinary dilute paramagnetic salts cannot be used because the 
electrons are too tightly bound to the atoms and hence in turn 
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to the lattice which shortens tL 	pin latticeral::ation 6 
Suitable energy level systems are fand in the paramagnetism oi 
conduction electrons in serni-conthictors (not metals because the 
high electron density 'nroald cause too much interaction betv.een 
SD.ins) and 7—cent- res. An P-centre iE the type of lattice 
defect where a lattice site is occupied by an electron instead. 
of by an atom. 
The first attempt to produce a two-level maser was by 
Combisson, Honig and Townes6  r 	using silicon doped with phohorus 
or arsenic. The inversion mechanism was the principle of 
"adiabatic fast passage" developed by Bloch7 in his work on 
nuclear magnetic resonance. Despite a spin-lattice relaxation 
time estimated to be in the 5 to 30 sec range at liquid helium 
temoerat-ures amplification was not observed. It was not cur-
pricing, therefore, that experiments by the same team using a 
paramagnetic ma  	t 	5  c sal, SiF.6H20 doped with 0.053 vIn2 (which has 
a higher spin density than in the above case), also failed 
sirc in this case the spin-lattice relaxation time was eat!- 
mated to be 102  to 10 	seconds. 
Chester, 17agner and Castle6 obtained amplification (and 
oscillation) using single crystals of auartz and MnO in which 
P-centres had been created by neutron irradiation. Using 
adiabatic fast passage toobtain inversion a voltage-gain-
bandwidth product  V ) of 5 Mc/s was observed for gains of 
to 21 dP at X-ndnd. 	he amplification obtained was in pulses 
of about 1 millisecond duration but the in was decreasing 
e:onentially throughout this period This demonstrated that 
two-level solid-state :iasers could be operated successfully 
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but the fact that the J3 product is not constant (or even 
approximately constant) for the duration of the Dulno makes 
such systems totally unsuitable for communications purposes. 
hjo-level mus PS v/crC considered in spite of their necessarily 
pulsod mode of operation because it was felt that it might he 
O5Si5LC to use them in conjunction with a pulse-code-
:odulation system such as delta-modulation but this exponen-
tial decay of the 6B product precludes any such application. 
Farthurmore all two-level masers have been operated at liauid 
helium temperatures and although the coupling of the spins to 
the lattice is weaker than in paramagnetic salts, the spin 
lattice relaxation times will be much shorter at 770K. !his 
means that the available amplifying time will be shortened 
and the decay of the §3 product will be accelerated. 
Consequently two-level masers which are unsuitable at liquid 
helium temperatures are a fortiori unsuitable at liquid 
nitrogen temperature. 
22 Ihtii-Ihevel Pumping ivetenis 
Multi-level pumping was first suggested by iloembergen' 
in 1956 and has since been employed in all maser amplifiers 
produced with usable performance. The first and most impor-
tant advantage is that continuous operation is possible. The 
second advantage is that the eminently suitable Zeeman 
ittiig of dilute piramagotic salts can be made ose of sine,_,  
the continuous pumping employed allows the system to tolerate 
the shorter spin-lattice relaxation times 	In multi-level 
aaLhe energy for inverting Lno signal transition is 
16 
3 
suDi:licd at a freuency different from the sinai fquency 
This 11 urnp11 frecuency is usually, but not necessarily, greater 
than the signal freauency 
boemn's original sug<n;ostion was for a three—level 
system. Thore are two possible configurations: 
- - 2 
jv 
Three— eves Pumping 
In both cases levels I and 3 are saturated by the aunn field 
T n 2i.. (a), rom the Boltzmann usri but ion, assum.. ng relaxa—
tCii tines betvoen all rairs of levaJs to be of the ua:nu order 
Thversion occurs provided  that, 
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- 	/ 	- 
exp 	
kT I 
± 	 kT 	
> 2 
- ) 	,i hv\ 
i.0 	cxp__L-_ 	_±exD -- > 2 
kT kTI 
At liquid nitrogen temperature and X—band 	L •OOE and it is 
.Legitimate to use the linear approximation to the eonentials, 
tereore this condition for inversion becomes 
> 2v, 
hormally the relaxation times are of the same order and this 
is the required condition for inversion. Lloembergen has shown 
that if the relaxation Limes are not of the same order, this 




ohore (T )-., is the spin lattice relaxation time for the level 
2 to level 1 transition and (T 1  )32 is similarly defined.  
The condition for inversion in the system snOwfl in 2.1 (b) 
is 
- VS 	VS 
> 
(TH2 
The first experimental demonstration of the feasibility 
of hloenibergen' a 1.rofosed pumping scheme was by Scovil, Feher 
ani SSIQU 10 in 157. TiOT used the second of the above 
0-51 concentration 
of gadolinium in lanthanum ethyl sulphate. The lanthanum ion 
is diamagnetic i.o once the outer valence electron6 are 
removed in ionic bonding all shells are complete. The 
gadoLinium ions (a'hich in this case occuimied 1 in every 200 
lanthanum-type lattice sites) are the pararnagnetic ions since 
they have an unfilled shell (tile third outermost after 
ionisation). This shell contains seven electrons whose spins 
are n3Daired and since the spin of an electron is - the total 
sin S of the system is /2 which, when the d.c. magnetic field 
is ,apelied, yields 23 + 1 = 8 energy levels. The electric 
field, of the crystal has only a small effect since the unpaired 
.cctrons in the 'if shell are screened by the completely 
filled 5s and 5p siells. Such screening is typical of rar 
-. 	in 	 - 	- 	- earth ions sut or Gd 	tue eiie 	 r ct ol the cys L al f ecla is 
iarthsr reduced since the orbital angular momentum is zero. 
The first order effect of the crystal field on the spin of a 
:aramagnetic ion is through the mechanism of spin-orbit 
coanling and therefore there are only higher order crystal 
L ield effects present if the orbital angular momentum is z;r-o. 
The derivation of the salitting of the energy levels fo:: 
the hamiltonian operator for si yen jn arid lattice is treated 
in some detail in the two standard text-books on masera 
(Vaylsteke! I and siogman') . It willy however, he worthwhile 
considering briefly the form of- the Hamiltonian. For Gd 	in 
lanthanum ethyl sulphate the Hamiltonian can 'be represented as 
follows: (for d.c. field narallel to tao c-axis of the 
crystal) 
/ 
,3 'H o .- 2KS 	- /sSS ± lfl + K(S' - s) 
is the spectroscomic splitting factor (1.99 in this 
case) 
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fl is the ohr magneton 
H is the applied magnetic field Or the z-dircction) 
S is the total effective spin of the icr! (suffixes denote 
auantised components of s) 
K is a constant describing the effect of the crystal 
field on the ion 
is small for the reasons discussed above. 
&d 	therefore behaves very like a free ion (for Which the 
eiamm±tonian would be sim-ply the first term on the right-hand 
side) 	The second term represents the higher orcier effects of 
the crys tal field which, though sInai!, are enough to cause 
non-uniformity of splitting without which V 1 would be coca! 
Lo v., and maser ac ion could not be osible 	The tnircl term 
represents admixture of the energy states which is also essen- 
tia:L since it allows the 	= ±2 transitions which are now- 
mally forbidden and upon which the pumping depends. The 
normal (unrerturbed) quantum theory selection rules allow owdy 
S3 	0 or ±1 which includes the signal transition. 
Twe energy levels for an eaplied. field of 2- i5 Kilogauss 
are shown in lig 2.2. Since ye is not in this case greater 
tar 2i , it is recuined that (T )32 be much less than (T1)2 
so wrist tne increase J  population of level 2 due to 
feCaxatiOn from cevel 3 s greater than awe secrease en 
2 
Si 	 C JI 	L 
achieved by adding a 0 2 concentration of ceriu.m (Ce3 ) ions 
to the crystal and is due to cross-relaxation Which will be 














The most serious disadvantage of gad olinium ethy sulphate 
is that there are 8 energy levels of which only 3 are used. 
To a first approximation, therefore, only A of' tlic active ions 
are being used. Since a compromise is always being sought 
between having as high a concentration of ions as possible in 
the maser and having them far enough apart to prevent exces-
sive line 'broadening by "spin-siJin" interaction, this 
redundancy of more than half the active ions is undesirable 
since it reduces the effective concentration of particinatin 
snins to which the strength of the maser action is directly 
proportional. Such redundancy is to be avoided in maser 
materials in general but in choosing a material for operation 
at 77°K this is particularly imrjortant because, as was dis-
cussed in Chapter One, the population difference involves only 
about 	of the total number of ions instead of about 4ct at 
liquid helium temperature. 
further disadvantac of this material is that it is 
unstable at room temperature which reoaires th't it be heat 
refrigerated at all times. This original experiment did not 
actually produce a working maser amplifier but oscillation was 
obtained showing that with suitable coujling of the cavity this 
should he possible. Notwithstanding the above difficulties 
this material was used sucessfully in the first travelling-
wave maser in 
195912 
 and a good performanc:; was obtained. CLLiLOL 'h 
even at that time the superior properties of ruby for maeer 
action were realised. 
The first three-level maser to perform as an ase:ili'ier 
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was built by McWhorter and Meyer" and used potassium 
cobalticyanide (diamagnetic) doped with 05 potassium 
chromicyanide (paramagnetic). This maser had its signal 
frequency at S-band but is of interest since the active ion 
was chromium which has only 4 Zeeman levels. Chromium is in 
the iron transition group which have the 3d shell incomplete. 
In the chromium ion this is the outermost shell and conse-
quently the electrons in it are not screened from the effect 
of the crystal field by other shells. The electron orbits in 
this case are not free to orient themselves in the d.c. 
magnetic field but are "locked into" specific orientations by 
the strong crystal electric field. This is called "quenching" 
and it leads to "spin-only" paramagnetism i.e. only the 
electron spins (which have no electric moment) are free to 
participate. The total electron spin of chromium is S = 
(three unpaired electrons each of spin -k) which gives 
2S + 1 = 4 Zeeman levels. Thus in this maser there is only 
one unused energy level. 
To avoid having even one redundant level, McWhorter and 
Meyer tried at considerable length to build a similar naser 
i 
- 	.-f. 	
i with the N 3 on n zinc fluorosilicate but failed since 
adequate pump power to combat the very short spin-lattice 
relaxation times (- lO'sec.) of this material was not 
available. A further disadvantage is that the line width of 
this material is inhornogeneously broadened by a distribution 
of electric fields. It has been suggested that the very short 
relaxation times of this material are due to its spectroscopic 
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splitting factor g, which has a value of about 2.3. For a 
free spin g is 2 and for many paramagnetic salts it is close 
to 2 but slightly below it. In general g is anisotropic due 
to crystal field effects. It is generally accepted that a 
value of g much different from 2 implies considerable spin-
orbit and hence siin-lattice interaction with attendant short 
relaxation times. Attempts to build masers with this ion at 
1•4 and 2•8 Gc/s. failed. The reason why so much trouble was 
taken by McWhorter and Meyer and by other research workers, 
(including Bloembergen himself) to make use of such a seemingly 
awkward salt is that apart from the g-factor the Ni ion appears 
ideal for three-level maser operation. It has no nuclear 
magnetic moment (which would broaden the line) and it has total 
spin unity which gives 2S + 1 = 3 Zeeman levels and hence 
there are no unused energy levels. Also the splitting leaves 
one level unchanged which makes tuning easier. There is no 
published record of any subsequent masers with the nickel ion. 
2. "Push-Pull" PumDing 
Interest in the nickel ion may well have decreased due to 
the success achieved with 4-level pumping in chromium-doped 
ruby. This system uses all 4 levels of the chomium ion and 
hence removes the need for a 3-level ion. The use of ruby as 
a maser material was first suggested by Makliov, Kikuchi, Lambe 
and 	 The 4-level 8ystem is atially a combinatift 
of the two configurations of the three level system. The 
energy level spacing is as shown in Fig. 2.3 and the operating 
principle is briefly as follows: 
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and conseauently applying a microwave field at the correGpond-
ing frequency will pump spins from E,to E3 which inverts E 
with respect to E2 as before. The same field also pumps spins 
from E 2 to E1,. The inversion produced across the signal 
transition E3 to E2 is better than by any previously described 
method since spins are not only being pumped into the upper 
signal level but are aLso being pumped out of the lower Signal 
level. For obvious reasons this scheme is sometL:es called 
"push-pull" pumping. 
Synthetic ruby (A1203 ) is used as a diluent for the Cr 3+  
ions and the electric field of this crystal is such that, if 
the d.c. magnetic field is. applied at an angle of 54044' to the 
crystal axis the required 1-3 and 2-4 degeneracy is obtained 
for all values of the d.c. field. Since the advantages of this 
material were realised a great deal of work has been done on 
the paramagnetic resonance of chromium doped ruby to extend 
the previously available data of &eusic' b  and now computed data 
is available (Chang and Siegman) 	and Schulz-Du-Bois 
17  has 
published iso-frequency plots for a whole range of frequencies 
including 93 and 239 C-c/s. 
Vuy1steke' has shown that the Hamiltonian for Cr in 
Al 203  is of the general form: 
= g 	- Ds 2 - V3s(s + lfl + E(S12 - s 2 ) 
(D and E are constants) 
C-eui& 5 showed that for ruby E = 0. S = /2 for Cr3 and 
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therefore 
= gS E..1 - DS3 2 - 
Using this and the appropriate wave functions the elements of 
the Hamiltonian matrix are found and diagonalisation of this 
matrix yields the secular equation: (The energy level spacings 
are expressed in terms of frequency v) 
	
- 2(v 	+ %v 0 2)v 2 + 2v02vD(l - 3cos20)v 
+ VD + / 6V Q + 1V  v (1 - 6cos2O) = 0 
is a constant of the crystal = 579 Gc/s. (Geusic'5 ) 
= gH0 
(a = angle between H0 and c-axis). 
It is seen that for U - arc cos= 54044?,  the equation is 
13-  
quadratic in V2  which yields the symmetric splitting which is 
required for push-pull pumping. For this orientation 
7) = 	
(2 + 
'Lv0 2 ) ± voJ(3vD2 + 7) 2flk 
The signal frequency is at X-band and the pump frequency at 
K-band for an applied field of about 4 Kilogauss. Fig. 2.4 
shows the variation of the frequency spacing of the levels for 
an appropriate range of values of the applied field. This 
graph was drawn using data computed from the above by Reitbock' 
using a value of 5-73 0-c/s. for VD which is the value for 770K. 
It is important to realise that although 1-3 and 2-4 
degeneracy exists for all values of the applied field, the 
AS 
3 
= 2 transitions corresponding to the pump frequency 







Energy levels of Cr" in A12 03 (e=54°44) 
Fig .2.4 
perturbation on the ions due to the applied magnetic field is 
of the same order as the perturbation due to the crystalline 
electric field. This causes suitable superposition of the 
state functions to allow such transitions. The "zero-field 
splitting" of the energy levels is 2VD which is of the order 
of 10 Ge/s. and this represents the magnitude of the crystalline 
field perturbation and hence the reauired d.c. magnetic field 
produces a perturbation of the same order for the pump fre-
quencies at K-band. Kikuchi, Lambe, Makhov and TerhuneL 9 
conducted a series of tests (at 420K) on single and push-pull 
pumping at powers of up to 120 mW and concluded that the push—
pull mode gives improvement by a factor of 4. 
Apart from this prime advantage of providing the most 
efficient pumping scheme, ruby is fortunately suitable in 
almost all other aspects. It is chemically stable at all 
temperatures up to 10000C. It is hard and can be cut and 
ground to an accurately rectangular parallelipiped which is 
useful since in the later developments of cavity masers the 
crystal is plated and itself forms the cavity. The thermal 
conductivity of ruby is high and this is important, particu-
larly if, as may be necessary at liquid nitrogen temperature, 
high pump powers are being used. The pump energy resonating 
in the material tends to raise its temperature and in a 
material with high thermal conductivity this causes the 
refrigerant to boil off and it has to be replenished which 
presents no serious difficulty. If, however, the maser 
material is of low conductivity the pump power may raise the 
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temperature at the centre of the crystal and set up a tempera-
ture gradient between the centre and the sides leaving the 
latter at the temperature of the refrigerant. This would be 
most undesirable since the thermal relaxation times would vary 
throughout the material. 
After the original demonstration of the suitability of 
ruby as a maser material, Morris, Kyhi and Strandberg 
20 built 
a tunable X-'band maser using O-OlVo chromium doped ruby. This 
maser was very successful, exhibiting a voltage-gain-bandwidth 
product of 43 1c/s at 420K. Subsequently improved cavity and 
travelling-wave structures have increased the attainable 
voltage-gain-bandwidth products as will be shown later. All 
the X-band masers which have been reported with improved per-
forrances since then have used 4-level pumping in chromium 
doped ruby. 
The above examples are discussed to bring out the require-
ments of a good maser material and in a design study for a 
liquid nitrogen maser ruby emerges very quickly as the most 
suitable possibility. Some time after, the start of this 
project an excellent and very comprehensive list of maser 
materials was published (siegman3) and in it there is no material 
which would appear to be more suitable than ruby for a liquid 
nitrogen maser. 
2,4 The Zero Field Maser 
The only other material that was seriously considered was 
iron doed Al2 03 which offers the possibility of operation 
'iithout the neesity eô the applied. d.c. magnetic field. 
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King and Terhune2 used this material (0.1% Fe3 in A1203 ) 
successfully in a maser. The spin of the Fe3 ion is % (5 
unpaired electrons) and the cubic crystalline electric field 
causes splitting and superposition of spin states as shown in 
fig. 2.5.  The mixing causes the transitions between the top 
pair of levels and the bottom pair of levels to be allowed 
without the necessity for a large perturbation due to the 
magnetic field. This splitting and mixing by the crystalline 
field occurs only for ions with a spin of 2 or over, which 
explains why this is not found with the chromium ion. The 
magnetic field was small (ioo gauss) and was used only to 
tune the maser. The diagram in Fig. 2.5 is for 0 = 0 and 
variation of 0 changes the rate of splitting of the energy 
states with the applied magnetic field which also aids tuning. 
In a packaged system, for instance, a small fixed field could 
be applied and the tuning effected by rotation. This maser 
was operated at a signal frequency of 123 Gc/s and was pumped 
at 318 Gc/s. The zero-field splittings are actually 1207 and 
19.13 &c/s. which places a lower limit on the signal frequency 
of 1207 Gc/s. which is rather high for the low noise "window" 
between 3 and 10 Gc/s. In the maser of King and Terhune the 
voltage-gain-bandwidth product (JB) was 15 Mc/s but no mention 
is made in the short letter describing this maser about what 
steps, if any, were taken to establish the optimum concentra-
tion. 
Nagy and Friedman 22,23  have recently reported /B pro-





Energy levels of re in A1203  
F.2.5 
32 
250 Mc/s with fields of only 5-10 gauss. They have also 
reported operation with this material in powdered form. 
For a liquid-nitrogen-cooled maser, however, advantageous 
though it would be to dispense with the need for a large d.c. 
magnetic field, the limitation of this material to 3-level 
pumping is a serious drawback. No maser has been operated in 
the 3-level mode at 770K but by analogy with measurements on 
ruby at 420K it is reasonable to suppose that a 3-level 
system would require at least 4 times as much pump power as a 
4-level system. Since 4-level ruby masers operating at 770K 
required several watts of power for saturation it is possible 
that to saturate the pump transition of a 3-level system in 
Fe3 -doped A1203 at 77°K might require more than the maximum 
available power (.-10 watts). In the absence of any relevant 
experimental results indicating the possibility of success it 
was considered that it would be unwise to try to use this 
material. 
Bearing in mind possible communications applications, a 
further objection to this material is that the signal frequency 
could not be lower than 12 Gc/s which is too high to take 
advantage of the low noise "window" from 3-10 a-c/s. 
In view of its extreme suitability, therefore, it was 
decided to employ ruby as the active material. To its many 
advantages which have already been extolled in Section 2.3 
must be added that of availability. In the last few years 
high quality crystals of ruby have become more readily 
available because of the extensive development work 
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necessitated (and financed) by the demand for ruby laser rods 
and the very high quality they require. 
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CHAPTER THREE 
Ruby as a aser Material at Liquid Nitrogen TemDeratures 
3.1 Transition Probabilities 
For any system of energy levels, the power dP emitted 
from or absorbed by any two energy levels i and j in a volume 
dV is:— 
dF 	hvLj WJ (n - n)Idv 	 (E > EL) 
For a maser this will be power absorbed in the case of the' 
pump transition and power emitted in the case of the signal 
transition but the expression is the same. It is not intended 
to derive the matrix elements for the transition probability 
w 	(= w). These can be fourd in the standard works on 
masers (e.g. Vuylsteke' and siegman3). 
ViLj = ~2) 
g is the spectroscopic splitting factor 
j3 is the Bohr Magneton 
f(v) is the line shape ftinction (usually taken to 
be Lorentzian). 
It is in both cases desired that WLj should be as large as 
possible and since all the other terms in the above expression 
are fixed, this means that I<il 	i>I2 must be made as large 
as possible. This is the square of the amplitude of the 
transition probability matrix element. When the states i and j 
are such that the spin change from one to the other is ±1 then 
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the matrix elements are large and the transition is uallovied?t. 
hen t e spin change is 2, in general, the matrix elements 
are small and the transitions are said to be "forbidden". As 
has been previously mentioned the aimminwowd host lattices for 
the ion 	that there is suitable admixture of the states 
leads to these elements becoming large. The size of these 
elements depends on 0 (the angle between the d.c. magnetic 
field and the c-axis of the crystal) and e (the angle between 
the magnetic field vector of the applied microwave field and 
the c-axis). The variation of the matrix elements with 0 has 
been treated fully by Chang and Siegman' and curves of 
against 0 are plotted for d.c. fields H0 in 1 Kilogauss steps. 
Siegman defines 	as the maximum value of m2 for a linearly 
polarised field (such as exists in microwave cavities) and Q2 
is a convenient way of expressing the tensor oo* for a given 
set of conditions. 
2 	(H? 	? H) 	I H<I- 	
2 
0  
and H?H = H 1 2 the amplitude squared of the microwave field. 
Siegrnan t s curves show that for the d.c. field of about 4 Kilogauss, 
the values of °L  for the pump transitions are approximately 
constant from 0 = 400 to 0 = 900. For the signal transition, 
however, °L  for 0 
= 90 0 is approximately 1l/,  times 	its value 
for 0 = 550 and thus operating at the double pump angle does 
not affect the transition probability for the pump transitions 
and only slightly decreases it from the maximum for the signal 
transition. 
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The above assumes the optimum angle F. for each transition 
which, in practice, at least for the double pump transition, 
is impossible to achieve. In theory, with one pump and one 
signal transition, each microwave field may be applied with 
its plane of polarisation at the optimum angle although in 
practice an added constraint is usually imposed in that the 
micro..Tave field vectors are made mutually perpendicular to 
reduce cross-coupling. This is particularly necessary at 
liquid nitrogen temperatures whore the pump power recjuired:may 
be of the order of watts. In the case of four-level pumping, 
however, even if this constraint is not applied the polarisa-
tion of the microwave field cannot be optimised for both pump 
transitions. The pump power can, within reason, be increased 
to compensate for non-optimum 5 and therefore if only one 
transition probability can be maximised it should be that 
associated with the signal transition. 
Most of the masers (including that with the best perfor-
mance at 770K) built to operate in the 4-level push-pull pump-
ing mode had the crystals cut so that the crystal axis was at 
54°44-' to the shortest side of the crystal and it was there-
fore decided to conform to this practice. This has the added 
advantage that, it leads to the minimum pole gap for the 
magnet providing the d.c. field. In a practical application 
using a liquid nitrogen cooled maser whose size and weight are 
imisortant this field would be provided by a permanent magnet 
inside the dewar. The weight and cost of such a magnet 
depends very much on the required pole gap and any unnecessary 
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increase of this is therefore to be avoided. The accepted 
rule-of-thumb" approximation is that the weight is riroportional 
to the cube of the pole gap. 
Quite recently 0-enner and Plant21' produced a report which 
describes the liquid-nitrogen-cooled masers built by a team at 
R.R.E. This team used the calculations of Howarth (unpub-
lished) which apparently show the optimum angles f for each 
transition and optimised the signal transition probability. 
The crystal was cut accordingly but it is interesting to note 
that the performance of the maser was similar to those of the 
previous liquid nitrogen masers with their crystals cut at the 
5/1044'angle. 
Using the parameter 2 to replace the tensor quantity 
(which, it must be stressed, can only be done for a 
specific set of conditions) 171j may be expressed as follows. 
w 	
= K 2 ) 
f(v) H2 2 
The only remaining variable is H 1 which is usually made as 
large as possible by placing the material in a structure which 
is resonant at the appropriate frequency. It will be shown 
that this is not always necessary at liquid helium tempera-
tures but that at liquid nitrogen temperature it is essential 
for the signal field and almost essential for the pump field 
if the already large pump power reauiremants are not to be 
unnecessarily increased. Having done everything possible to 
otiise all other parameters, H 1 for the pump field must be 
increased as necessary to make 	for the corresponding 
transitions large enough to maintain saturation. 
3.2 i!gnetic c, 0,m 
It is convenient to describe the signal frequency 
behaviour of the maser material by a parameter called the 
"magnetic Q", Qm, defined as follows: 
energy stored 
Q67 = - 2iT energy emitted/cycle 
The nsgative sign confor'ms with the normal definition of Q. for 
which the denominator is "energy lost/cycle". Obviously for 
an emissive Q of this nature the. lower the value of IQ. 	the 
better the maser material. It can be shown (siegman3) that 
g2  10  2 o 2 . n3 - n2 
'11 




L is the 3 dB width of the resonance line which is 
assumed to have a Lorentzian shape. 
12, fl3 are spin concentrations in the various levels 
i.e. n2 is the no. of spins per unit volume in 
level 2. 
An important feature of this expression is that Q is dependant 
only on the spin conc.entrtion in the material - not on the 
total number of spins present. Henceforth ilL will be used to 
denote the cnn concentration in the ith level and nt the 
total spin concentration. 
Qm is a property of the given material under the 
prevailing conditions and the only dependance on the containing 
39 
structure is in the ratio of the integrals. This ratio is 







This has the maximum value of unity when the crystal fills the 
cavity and is so oriented in the cavity that the maximum 
transition probability is attained. Techniques in which the 
crystal itself is plated to form the cavity result in the 
first of these conditions being fulfilled but not necessarily 
the second. As ecplained. in Section 3.1., for a given set of 
conditions the scalar 02  may replace the tensor ao and then 
for a completely filled cavity the filling factor, 2, is 
simply 0 2/012 which is fixed by the angle at which the crystal 
is cut. Thus Q is given by: 
- 2g22 0 	,'n3 - fl2'\ 1,4 
- h 
or in terms of the inversion ratio, I, for a 4-level system 
1 	2g2j32 0 t hv3 	L 	2 
/ = 	--
O-L 
QM 	 h 4 k VL
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With the constants evaluated this can be written 
_ a 
/hv nt IC-2 77  
Sn - 	71)4VL 
(n is in spins cm 3 and &)L 18 in Mc/s.) 
The only remaining variable is (n3 - n2)/vL a n IARL and 
this must be made as large as possible. 
EM 
3.3 O:timisation of (n3 - fl2)/&)L 
The first stage in increasing (n3 - n2)/vL is to make 
the inversien ratio, I, as large as possible. Having done 
this the remaining possibility is to increase nt but this must 
be done with caution since it has two undesirable effects. 
Firstly increasing nt increases the spin-spin interaction and 
hence increases LVL  and secondly increasing nt beyond a cer-
tain stage leads to a decrease in the value of I due to cross- 
relaxation. 	does not increase as fast as nt and therefore 
the concentration can be increased until the concentratian-
dependent relaxation processes start to affect I. Before con-
sidering this, however, it will be shown quantitatively how 
3-level and 4—level pumping compare. 
Kikuchi et al' , following the work of Bloembergen°, 
derived expressions for the population difference (n3 - n2 ) in 
ruby. 
Thermal interaction with the lattice is considered as 
stimulated emission and absortion of phonons and transition 
arobabilities w 	are used to denote the probability of a 
stimulated phonon transition from level i to level j. Unlike 
the processes of emission and absorption of electromagnetic 
radiation discussed in Chapter One, however, there is no 
onon process analogous to spontaneous emission and therefore 
the number of stimulated transitions in cach direction must be 
eoual if the ions are in thermal equilibrium with the lattice. 
From the Boltzmann Distribution it is known that the popula-





Consequently the downward transition probability 
vr,jL and the upward transition probability Wjj must be in the 
inverse ratio exp 
(~- kT ) 	However, as has been shown, 
hv U 
kT 	
for vLj of the order of 10 Ge/s at a temperature of 
77°K, is approximately unity and thus it is permissible to 
un te w 	w,j j. 





	 flj aji - flU ajj 
j=l 
where the aLi include the thermal relaxation times and, where 
applicable, the stimulated radiation transition probabiLities. 
Steady state conditions in the presence of pump fields are 
found by equating the dnL to zero. 
dt 
Three different modes are available for the four levels of 
Cr3 	in Al 2 0. 
(a) Three-level Pumoin - levels 1 and 3 saturated 
The pump and signal transition probabilities are denoted 
by P and S respectively 
a 13 = w 3 + P13 	and 	a31 = W31 + P3 1 
a23 = W2 3 + S23 	and 	a32W321 + S32 
and the other aj. j are simply wj 
P13 = P31 	and 	S23 = 32 	from fundamental 
considerations 
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and, in practice, Wj z Wj. Thus the above ecuations reduce 
to  
U13 = 	W13  + 213  = 	a31  
and. 	a73  = 	W 23  +p 23 - 	a23  




P does not appear in this expression but it has been assumed 
that the pump power is such that P 13 >> w13 which is the condi- 
tion for saturationof levels 1 and 3. 
o) Three-level Pumping - levels 2 and 4 saturated. 
Similarly, for this case it can be shown that 
	
nth 	w3 ( 2 IV32-W 1v 3 )+( 	7+W 1 3+w 1 ) (w32v32 W 1:,) n3-n2) 
= 4kT W3 (w2 1+w1 Wwl2+wI3+wI)(w,3±w3L+S8) 
For the present only the small-signal case will be considered. 
and S23 which is, of course, dependent on the strength of the 
applied signal field, will be assumed to be small compared 
with the wj j . 
In general the thermal transition probabilities are not 
known with any accuracy. It is extremely difficult to measure 
the relaxation times (7 1 )LJ 	 for a multi-level system WLJ 
since measurement of the time constant associated with the 
decay of some non-equilibrium state between two levels is not 
the relaxation time for that transition but a function of the 
relaxation times for all possible transitionscf the system. 
It is therefore necessary to make assumptions concerning the 
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relative magnitudes of these transition probabilities and the 
simulest and most plausible assumption is that they are all of 
the same order. This allows cancellation of the w leaving 
(n3 - n2) - 	(V,2 - - 
VS) 
 4kT 
for both 	(a) and 	(b) 
(v 1 	= 	v in (a), v 2 	= V fz 	in (b) and v23 	= 	v 	in both) 
0timum pumping results in (a) and (b) if w43 and w2 	respec- 
tively are greater than all other w,j when 
nth (n3 - n2) = 	(Vfi - v) in both cases. 
(c) Four-level Pumping: levels 1 and 3 and 2 and 4 satur..ted 
(0 = 54°44') 
	
nth 	W4 1V41 + W437) 43 + 1Jj2 11'2 	W3232 (n3 - n2) = 4-kT 
W12 	 + W23 + S3 2 
nth 
=T(Vfi - v 	for all wLj of the same order 
Here the optimum situation is w 	w 3 	w21 >> w32 in which case: 
(n3 - n2 	
nfh
) = ---2v - v 4kT' f2 
For a signal frequency of approximately 10 Gc/s, the pump 
frequency for 4-level pumping is about 24 a-c/s and the values 
of the inversion ratios for the above cases compare as follows: 
Inversion Ratio, I 
Relation between wj 
3-level 4-level 
all wj.j of san 	order 
V9-  -2v 3  0'2 
v 	- 
VS 
Optimum Ratio of wjj = 	l4 38 
This predicts an improvement of 7 times using 4-level pumping 
if the relaxation times are all of the same order and about 
2-- times if the relative magnitudes of the relaxation times 
arecotimal. It is seen that in either case a worthwhile 
improvement is obtained if 4-level pumping is used. It is 
also apparent that the 4-level mode is less sensitive to 
variation of the relative magnitudes of the relaxation times. 
At liquid helium temperatures Kikuchi et al. measured an 
improvement of about I times using the 4-level push-pull mode. 
The po:pulation difference is proportional to the total 
concentration nt and inversely proportional to T in all cases 
and therefore increasing the temperature from 420K to 770K 
decreases (n3 - n2) by a factor of about 18 for a given 
sample. Obviously the 4-level pumping scheme should be used 
at liquid nitrogen temperature to obtain maximum performance. 
There is no published record of a 3-level maser operating at 
77°K. 
The only remaining way of increasing (n3 - n2)/vL is to 
increase n. This can be done only until I starts to decrease 
due to cross-relaxation effects but Maiman25 has shown that nt 
can be increased by at least a factor of 2 within this limita-
tion and more recent reports suggest that greater increases 
may be possible. Discussion of the limiting processes is 
aided by definition of the relaxation mechanisms involved. 
3.3.1 Spin-spin Relaxation Time, r2 
This is mainly encountered in the function, f(v), 





+ 42T22( - ,)2 	
(v'0 = resonant frecuency) 
This time constant T 2 describing the line shape is only the 
true sDin-sein relaxation time when there is no cause of line 
broadening except spin-spin interaction. Since even the best 
crystals have defects and ini.iomogeneities this will seldom be 
true and T 2 is therefore difficult to measure accurately. 
In a to-level system of identical ions coupled by spin-
si)in interaction, if some of them could be perturbed to a non-
eauilibrium condition without perturbing the others, the time 
constant associated with the perturbed ions coming into 
eqjiilibrium with the unperturbed ones is r2. In the case to 
be considered, however, this situation does not arise and '12 
is only of interest for its effect on the line-width LVL-  For 
maser materials of the concentrations used at liquid nitrogen 
temperature the 7-2 are short (typically 	a few nanoseconds). 
3.3.2 Spin Lattice Relaxation Time, r 
This has already been mentioned and is the strongest and 
hence the predominant relaxation mechanism for very dilute 
salts of the type used at liquid helium temperatures. When the 
system relaxes by this mechanism the energy is exchanged with 
the lattice phonons. The strong crystalline electric field is 
modulated by thermal vibrations of the lattice but is unable 
to interact directly with electron spins since the latter have 
no electric mment. (There must, however, be a second order 
effect allowing direct coupling since any oscillating electric 
field must have associated with it an oscillating magnetic 
field.) The primary coupling mechanism is through the electron 
orbits which have both electric and magnetic dipole moments. 
The crystal field couples to the electric dipole moment of the 
orbit and thence to the spin by spin-orbit coupling. Kronig26  
and Van-Vleck27 developed a theory of spin-lattice relaxation 
based on the above argument. For very low temperatures i.e. 
licuid helium temperatures this theory predicts an inverse 
variation of T with temperature T corresponding to processes 
where one phonon is exchanged directly for one quantum of spin 
energy. This leads to T 1 'S which can be of the order of 
seconds for a material with small orbital angular momentum or 
small sin-orbit coupling. At higher temperatures and hence 
higher phonon energies the Kronig-Van-Vleck theory predicts 
IT
I  a 1/Tv which involves so called "Raman" scattering of 
-phonons by spins. In this type of scattering the phonon energy 
is increased or decreased by the amount of the spin transition 
energy but the process does not involve the direct emission or 
absorption of a phonon. 
Experiment agrees partially with this theory in that the 
low temperature variation of T 1 does appear to be inversely 
with T. Pace et al 213  found this agreement but for tempera-
tures in the region of 77°K they found T a l/Tb rather than 
the predicted -/T.  The chief discrepancy between the 
Kronig-Van-Vleck theory and experiment is in the observed 
concentration-dependence of r 1,. The theory considers the 
coupling between each spin and the lattice and therefore 
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predicts complete concentration-independence of r,. This 
concentration-dependence of T 1 has yet to be satisfactorily 
explained but it is believed that it may be due to"cross-
relaxation" effects involving "impurities". 
Cross-Relaxation 
Cross-relaxation is a type of spin-spin or dipolar inter-
action process. The mechanism is the same as for spin-spin 
relaxation but the term cross-relaxation denotes relaxation by 
dipolar coupling between spin transitions which are not the 
same, for example between two different but intermingled 
systems or between different transitions in a multilevel 
system. This mechanism in its simplest form involves an 
upward transition in one system (Fig. 3.1 (a)) accompanied by 





This process occurs with highest probability where energy can 
be conserved, i.e.ithere the lines overlap. 
An example of the use of this process to good advantage 
is the Ce3 doping of the gadolinium (lanthanum)ethyl sulphate 
used by Scovil et al - 10 and shown in Fig. 2.2. The orienta-
tion of the crystal in the d.c. magnetic field is such that 
the transition of Ce3 ions coincides with the "idler" transi-
tion of the 3-level maser system in the Gd3 ion. This allows 
appreciable cross-relaxation to take place and, since the 
spin-lattice relaxation time of the Ce3 ions is very short 
(due to strong spin-orbit coupling), this two-stage process 
via the Ce3 ions affords a faster relaxation path for the 
idler transition than by direct spin-lattice relaxation. This 
shortening of the idler relaxation time enhances the pumping - 
indeed, in this case since Vfi - vs < V3, maser action is 
impossible without it. 
It is obvious that cross-relaxation may take place when 
energy is conserved but, at increased concentrations, strong 
cross-relaxation is observed when the frequencies differ by 
amounts corresponding to several line widths. This has to be 
explained by consideration of the dipolar energy of the system 
as a whole as a "reservoir" of energy which can absorb or make 
up the difference. 
Cross-relaxation in ruby has been investigated experimen-
tally by Mims and McGee 2  9, Geusic30, Manenkov and Prokhorov3 I 
and Roberts et al. 32. A cross-relaxation time T21 is defined 
which is the time constant associated with attaining 
equilibrium between two spin sys:ems in the absence of spin-
lattice relaxation. At low concentrations (as used in liquid-
helium-cooled masers) T 2 >r 1 and each system (if disturbed 
from eoLiilibrium) relaxes to the lattice independently. As 
the concentration is increased, however, transitions begin to 
couple by cross-relaxation at first only where energy is con-
served but this becomes increasingly less important. Mims and 
McGee showed that at 420K, if the concentration is increased 
to 039 Cr"/Al2O3 cross-relaxation becomes so strong that, 
:cgardless of energy conservation, line widths, etc., all 
transitions couple to all other transitions so that no 
difference of spin temperature between transitions can be set 
up. 	In the intermediate stage where T 2  < T21 < T 1 , 	15 
found to be independent of T and to vary as 	for the 
range of concentrations 0.02% to 039 Cr3 /Al203 . 
G-eusic showed that the expected process of "harmonic cross-
relaxation" also occurs (Fig. 3.2) e.g. 7-21 becomes shorter when 
= n v 23 where n is an integer. Various combinations of 
multiple spin and harmonic cross-relaxation have been observed. 
The relevant feature governing the choice of concentration 
of a maser material is the onset of the first cioss-relaxation 
process which appreciably affects the inversion. For ruby at 
5 = 54044' it is immediately apparent that the processes shown 
in Fig. 3.3 should occur strongly in all but the very weakest 
concentrations. These processes leave the population 
difference (n3 - n2) unchanged, however, and the fact that the 





shortened to of the order of the spin-spin relaxation time, 
T2, is of no consequence. Roberts et al. 
32  have shown that 
the first processes to become aopreciable at this double pump 
orientation are the 5-spin processes shown in Fig 3.4. 
For each process there is also a reciprocal process (i.e. 
all arrows reversed). 
It is a general rule that, for a given concentration, the 












for a cross-relaxation process the lower is its probability. 
However, it is also true to say that the higher the order the 
greater the concentration dependence. This means that since 
the first significant cross-relaxation process is of a rela-
tively high order (5 spin) it is to be expected that the 
resultant limitation on maser action will not occur at such 
low concentration as it would if the limiting process was a 3—
or 4-spin one. Once deterioration of maser action starts to 
occur, however, it is to be expected that it will vary more 
sharply with concentration than it would if a cross-relaxation 
process of lower order was the limiting process. This tendency 
will be further increased by the simultaneous onset of the 
three different relaxation mechanisms discussed above. 
From the foregoing it is apparent that the optimisation 
of (n3 - n2)/&JL is governed either by cross-relaxation between 
transitions of the Cr3 ions or by 7- 1 shortening so much that 
available powers are no longer adequate to saturate the pump 
transitions. This concentration-dependence of T may be 
attributable to cross-relaxation between Cr3 ions and some 
"fast-relaxing" impurity and this is currently being investi-
gated elsewhere. The limited amount of experimental data 
available indicates that it is the cross-relaxation between 
transitions of the Cr3 ions which limits the extent to which 
the concentration can be Increased. 
Maiman was the first to suggest that the best concentra-
tion for use in a liquid nitrogen temperature maser would be 
higher than that for a liquid helium one. Maimaxshowed, by 
extending Bloembergen's results that the dependence of inver-
sion on cross-relaxation in a 4-level system has the form 
- 	(i + 
(n - n2) a n 
1/4721 )  
(1 + T/4T2 I 
) 
This again assumes that the pump power is sufficient to main- 
tain saturation of the pump transitions and, if this condition 
is fulfilled, the population difference is not directly 
	
dependent on Tt and depends only on the ratio 	 All the 
7-1. 
is are assumed to be of the same order and for good inver-
sion 4T 0 must be very much greater than r. T 9 is the 
cross-relaxation time for the dominant cross-relaxation pro-
cess. Maiman thought that this was coupling between the pumo 
(1-3 and 2-4) and idler (1-2 and 3-4) transitions which involves 
a very considerable frequency difference. From the more 
recent work of Roberts et al. 32  it is much more likely that 
the 5-spin processes described in Section 3.3.3 are the 
dominant cross-relaxation processes. It was reasoned that 
since raising the temperature from 420K to 770K would shorten 
r1 (by a factor of about 500) the condition 7- 1 <<4'i-21 would be 
more than adequately satisfied for a crystal of low concentra-
tion. The system should therefore tolerate an increase in 
concentration, with an attendant decrease in T 2 , before the 
inversion ratio I begins to decrease 




Maiman did not discuss the concentration-dependence of T which 
would help to keep I at the value for low concentration by 
shortening 7- 1 as T 21 shortened. If r was more concentration-
dependent than T 21 the limiting factor would be the available 
pump power. Experimental results indicate, however, that the 
variation of 7- 21 with concentration is faster than the varia-
tion of Tt which seems reason'ole in view of the conclusions 
about the cross-relaxation processes reached in Section 3.3.3. 
Maiman showed, in agreement with, his predictions, that a 
crystal of concentration 0•6 Cr203/A1203 showed maser ampli-
fication and oscillation at 770K but at 420K no degree of 
inversion could be produced in this crystal at all. In a less 
concentrated crystal of 02 Cr203/A1203 a negative spin tem-
perature of 1500K was produced at 420K and this improved to 
510K at 770K. Maiman's paper did not make it clear why the 
0-2-,-/,,crystal had been chosen in preference to the 06% one for 
building the actual maser; presumably despite the fact that 
maser action was observed in the higher concentration crystal, 
the very short T 21 	j. sec.) was limiting the performance to 
a value less than that of the 02% crystal. The pump power 
used for this maser was not given in the same paper but is 
believed to have been about one watt with the cavity resonant 
at the pump frequency. The crystal size in this maser was 
7x7x35mm. 
Reitbock and Redhardt33 built a liquid-oxygen-cooled 
maser (T = 900K) with a voltage-gain-bandwidth product /B) 
of 215 Mc/s. which constitutes a 50 improvement over that of 
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Jaiman and is the best reported to date. They also had con-
ducted a serics of preliminary experiments to determine the 
best concentration for use at this temperature and quoted a 
value of O6 Cr203/A1203. Hoaever, a private corn:.unication 
from Reitbock in answer to an enquiry about this seemingly 
high value states that this was the starting power concentra-
tion and that the concentration of the actual crystal was 
thought to be about 04. Reitbock recommended that the u imum 
value for 770K should be of this order. From discussion 
other people in this field, however, it seems unlikely th 	̀U- 
such a high concentration 
2/3  of the starting powder concc - 
tion would be retained in the final crystal and that, in . 
absence of an analysis, the figure quoted should be regarded 
as an upper limit. 
The most encouraging feature of Peitbock's maser was that 
the pump power usad was only 80 mW and in view of the high 
reported performance it was assumed that the pump transitioa 
were saturated. The explanation of this was revealed when 
Reitbock's thesis was printed in full and it was found that 
this was not the case. This is most interesting since it seems 
to indicate that more has been gained by increased concentra-
tion than has been lost by the failure of the pump power to 
produce saturation. This principle is easy to accept but the 
improvement in performance with the very much reduced pump 
rower does seem incredible since even without relaxation effects 
reducing the inversion ratio a more concentrated crystal would 
require proportionately more pump power for saturation. The 
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crystal size, on which the required pump pov/or also depends, 
was the same for this maser as it was for haiA.an T s and in fact 
the sisilarity of these two masers in all resjecte other than 
crystal concentration and pump power snould allow a dirc 
compari son. 
In support of his choice of concentration Reitbock cits 
a paper by VIiederhold in which a series of experiments is 
described indicating that the best maser action at liquid 
nitrogen temperatures would be obtained with a concontrau 
of the order of 04 Cr2 03 /A12 03 . 
Work done in this country on liquid nitrogen ansers by 
Ditchfield., Genner and Plant3 
2L at the'Royal Radar 
Establishment in conjunction with Pram, Ahern and P'axrfian_ 
at Liullard produced performances similar to those obtains 
aiman i.e. \/B: products of up to 14-16 Mc/s. Genner anc: 
tsed a material of concentration 27 Cr2 03 /Al 0 0 out they 
stated that insufficient information was available to determLw 
-jhsther or not this was the optimum concentratisn. Paxman hid 
a series of experiments showing that the optimum concentration 
was about 023 Cr2 03/A12 03 which gave a value of 1Q,j of 
about 680-700 which is the best measured to date. These 
masers reauired several watts to pump them although this is 
partially accounted for by the fact that the crystals were 
much larger (19 x 135 x 42 mm) than cnose of Maiman and 
Rd tbock. 
It tnerefore appeared that the optimum concentration was 
about 020-027 Cr2 03/Al2 03 . The rather larger value 
recommended by the Germans was not supported by analysis as 
were the British values. Theoretical discussion cannot define 
accuraLely 'the optimum concentration because the processes 
governing variation of maser action with concenraon nave 
not boon investigated quantitatively in sufficient detail. 
The main reason why this has not been done is that it is 
impossible to obtain completely homogeneous, defect—free 
crystals. Witn the advent of elccbron probe inicroanalysi 
techniques, Dils et al.38  investigated the concentration 
variation across various high quality ruby crystals grown *' 
,"-de and Adolf 'Mellor. The resolution ass about 10 , the 
crystals were mostly about 01, Cr3 /Al  2  03 and the standard 
deviations of the measured percentage varied typically fro- 
to 25 and in one case was as high as 45 	in view of the 
- ±arger size o the Cr3+  ions comaared with Al3+  introducing 
Or 	into A1203 even in small quantities produces strains and 
defct in the lattice and this limits the auality of the 
erysals which can be grown. The more concentrated the 
crystal is, the more difficult it is to achieve high quality. 
It is further believed that on a smaller scale "clustering" of 
Cr 	ions may occur since the large Cr3 ions tend to take up 
sites of low energy, which occur near defects and this 
clustering would then create more defects. This process would 
be aided by the high diffusion rates of 0r3 at the tempera-
ture of crystallisation (- 2,000°C). Apart from its adverse 
effect on the lattice, this tendency to cluster either on a 
large or small scale is undesirable sinc.e it increases the 
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cross-relaxation which imDoses on the system the iimitatins 
of a more concentrated crystal without the advantage of the 
larger number of participating ions. 
In view of the unpredictability of the properties of even 
the best crystals, therefore, it was decided that the most 
advisable course of action would be to order 3 or 4 crystals 
of the highest available cuality with concentrations ranging  
from about 0151, to 	Cr20/Al203 from vrich the crysts. 
exhibiting the best maser action could be chosen. 
After these decisions had been taken a thesis by Ammairn3  
became available containing measurements of JQm j and I for 
arious concentrations. Instead of specifying the concentra-
tion  by the more usual method of Cr203/Al203 by weight, as in 
all the above figures, Ammann quoted Cr3 /Al203 by weight and;  
to allow direct comparison, equivalent values on the Cr20 
scale have been added. 
Concentration 
Cr'/Al2O3 	% Cr203/A1203 IQ7d I 
0°021 003 4770 116 70 
0•046 007 2530 117 82 
0077 0'12 1700 1•11 99 
0.14 021 1250  1•02 127 
034 050 3630 033 222 
040 0'E0 4970 025 250 
There is nothing in these results which contradicts the 
precoeding discussion and it is inferred from Ammann T s results 
that the optimum concentration should be not less than 
02 	Cr 2 03 /Al 2 03. and rather less than 0 - 451 Cr2 03/.h12 03 . 	t 
is unfortunate that there is such a large gap (02 to 04; 
over the most interesting region. The values of I snow tns , 
as discussed in connection with P.eitbock's maser, the smallest 
IQ is obtained with a concentration at which the value of I 
has already started to decrease due to cross-relaxation. 
However, the extent to which this occurs is rather more 
credible in this case. 
The smallest IQrnI obtained by Ammann (1250) seems rt: 
large in view of the fact that Paxman observed a jQ of about 
700 with a crystal of similar concentration. This endprsos 
the above contention that the performance may vary quite 
widely even for samples of the same average concentration. 
34 Sina1 Saturation 
Signal saturation is the decrease in maser gain with 
increasing signal input power and its onset determines the upper 
limit of the linear operating range of the amplifier. 
In Section 3.2 the following expression was quoted for 
the population difference.(n3 - n2 ): 
nth 	WL, I VI , I ± W43V43 ± W2 V21  
4kT w I 2 + VL. 3 + w 14 + ' 23 + S 3 2 
It was assumed that S32, the stimulated transition probablhisy, 
was negligible in comparison with the WLJ in the denominator. 
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This is true for small signal powers but, since 3 	is propor— 
tional to the signal power, a point is reached for which this 
newer becomes large enough to make S32 of the same order as 
the w. Again assuming all w of the same order: 





nth 	V1 - V5 Therefore, 	(n3 - n) 	
+ YL. S327 
For the gain to be independent of the signal power A 
must be very much less than unity. 
Without evaluating the absolute power for which signa.. 
saturation starts to affect the gain it is possible to comnare 
the liquid helium and liquid nitrogen cases. The power for 
which saturation starts to become apparent is inversely riro— 
ortional to T, and hence, from the measured relaxation tiacs 
at both temperatures and the measured value of saturation onset 
at 424, the upper limit of signal power at 770K can be 
estimated. 
For suitacle concentrations Face et al.28 observed a decrease 
in 7 1 from 22 millisec. at 420K to 44 sec. at 770K - a 
reduction of 500 times. Describing one of the best liquid 
helium masers to date - that used in the Telstar and Early 
Bird projects - Tabor and Sibilia ° state that the onset of 
signal saturation occurs at about 10' watts. It is therefore 
to be e:asected that the onset of signal saturation should 
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occur in a liquid nitrogen maser at input cignal ceere of the 
order of 10-9 to 10-6 watts. Reitbock 18 has observed the 
onset of signal saturation to occur at about 4 x 10-0 watts 
for a maser oper-ating at 90°K which is in fair agreement with 
the above. The above analysis does not apply directly in this 
case since the pump transitions were not saturated in 
PLeitiJock's maser but it is exrected that this would lower 
rather than raise the power at which signal saturation occur: 
This increased signal saturation power is the only 
respect in which masers operating at 77°K show an impr ovement 
over those operating at 420K. Although the satellite 
communication systems in which liquid helium masers have been 
used em-ploy powers which exLend into the region of signal 
saturation the systems have been designed to tolerate this 
Sky-beamed (or space) radar systems could not be so readily 
designed to accommodate U. 	however, since a further con- 
sequence of the long relaxation times is that if the maser 
gain is saturated the recovery time is of the order of 7-  1  
This means that, if the amplifier is "blanked off" by a near 
reflection, the recovery time would be of the order of 
.Ulliseconds for a liauid-helium-cooled maser. 
From the ex pression for (n, - n2) above it is seen that 
pumping harder than is required for saturation of the pump 
transitions does not improve the position with regard to 
signal saturation. That could be done to raise tao signal 
saturation level of the liouid helium maser is to reduce r 
by some means (e.g. by doping with a fast relaxing ion) and 
(3 
increase the pumo power to maintain saturation. Since T deter-
mines the population difference independently of 7- 1 , the high 
performance of the liquid helium maser would be maintained and 
at the same time the signal saturation level would be raised. 
In rractice, however, the extent to which the pump power would 
ove to e increased to apnreciahly raise the sial saturs 
iion c'cer :right lead to difficulty in kee-ping the maser 
material at 42°K. Also as has been discussed above, it is 
diificlt enough to achieve high quality in ruby material 
rjt only the chromium doping without the added complication 
of trying to ensure even distribution of a further impurity 
Thus the liquid nitrogen maser does offer the possibiJty 
of a preamplifier of equivalent noise temperature of 75-l00' 
(Maiman25) with an upper limit of signal power of the order of 
27dB higher than the liquid-helium-cooled maser. 
CHAPTER POUR 
Cavities and TrnveL1n-g-.mve Structures for iJasers 
The structure in which the maser material is placed 7.u-,t 
allow "suitable' interaction of the material with the rump and 
signal fields. This term "suitable" implies that the micrcw:ve 
fields must remain in the material for sufficient time to 
stimulate enough transitions to achieve pumping and the 
reauirsd degree of amplification. For a "fast-wave" structure, 
such as a maveguide loaded with the active m.terial, the length 
recuired for usable amplification of the signal would necei - 
tate impracticably large crystals and pump powers. To provide 
the signal field with suitable interaction it is necessary to 
set up a standing vjave (cavity maser) or a slowly propagating 
wave (travelling-wave maser) in the pumped active material. 
It is not auite so important to make similar provision for the 
puint field since this is controlled locally and can, if 
necessary, be increased. Liquid-helium-cooled masers have 
been operated in which the -pump field did propagate through a 
fast-wave structure loaded with crystal. At liquid nitrogen 
temperature, however, pump powers are much larger and it is 
necessary to consider how the most efficient courling between 
tne field and the material may be achieved. 
/L.l Cavity Masers 
The theory of the single cavity maser has been developed 
fully by several authors including Butcher and Siegman and 
therefore the results i:zill be quoted here with only a brief 









Trarg 	iss ion (Two-port) Cavity Maser 
Fig. 41 
There are two possible configurations for a single cavity 
maser. These are the "one-port" or 1r.eflection?? cavity maser 
and -.I--,e Ttvio_nortt! or 'transmission cavity maser. These are 
shown in Fig. 4.1. The gain in a cavity maser is P1-
directional and consequently the performance of the trans-
aission cavity maser is only half that of the reflection type 
since in the former half the available outnut power passes 
through the input counling slot and is ahsorPed in the isOla 
This is shown by Butcher by dirct analysis of both types :rom 
first principles. Further discussion will therefore be confi. ;a 
to the reflection cavity maser. 
The eression for Q. quoted in Section 3.2 contains a 
function f(v) which has the maximum value unity when v = 
the frequency of the paramagnetic resonance. The form of f(v) 
is taken to be Lorentzian. Typical line-widths arc 5100 
for the lower (liquid helium) concentrations and 100-200 
for the higher (liouid nitrogen) concentrations. 	good 
cavity has a bandwidth of about 1-2 Me/s at liauid helium 
temperature increasing perhaps to 2-3 Me/s at liauid nitrogen 
temrerature. The analysis of the single cavity maser is 
greatly simplified by assuming freauency independence of 0 
over the bandwidah of the maser cavity. Since the line-width 
of the material is so much larger than the cavity bandwidth 
this is a reasonable approximation. Account of the frenuency 
dependence of Qm will be taken when the two-cavity maser is 
considered in the next chapter. 
The single cavity maser is considered as an L-C-R circuit 
:.rith an extra, negative resistance, element representing the 
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The transformer represents the effect of the slot couolin the 
cavity to the inrut wavegoide. it is customary to describe 
the action of this cowoling slot between the input vaveguide 
and the cavity by an ?external Q11, Qe, defined: 
energy stored in cavity 
= 2 power radiated through coupling slot/cycle 
The normalised impedance of the cavity terminating the line 
1$: 
1 	1 - - + - ± 
IQrnI 0,0 	 -S)  
IN 
Q. is the unloaded Q of the cavity. This includes both the 
wall losses and the dielectric losses. 
is the aaplied frequency and v is the signal fr'eauency for 
paramagnetic resonance. 
The power reflection coeffciant is the gain, G, 
1 - 
± 
and at resonance this is a maximum 
( 	 1 7 
(Qe + 	- 




1 	 21 For amplification to occur, 
QM 
must be greater than 
This states the obvious requirement that the power emitted by 
the maser material must he greater than the power absorbed by 
the wall and. dielectric Josses of the cavity. To prevent 
oscillation the external loading must he adjusted so that 
1 1 1 
ri -< 
From the expression for G0 it is seen that high gains are 
obtained when this condition is just satisfied i.e. to Obtain 
a nigh gain the maser must be operated on the verge of 
instability. The circulator arevents variations in impedance 
from the aerial or the receiver being seen" by the maser but, 
it is aossjble for variations to occur between the circulator 
and the maser. then the maser is operating at a high gain even 
quite small variations in loading can take it into oscillation 
and this is a serious disadvantage of the cavity maser. 
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Assuming constant JQ, the frequency dependence of the 
cavity maser is determined solely by the cavity and it can 
Enown bi, for high gains, the 3 dB bandwidth is 
- 	 1 
ii = v (7- 	-k 
Qo) 
ñc - .iich it is seen that 
- 	= 2v5( 
	
\j 4t 	Qo  
and, since G- is high, this may be written 
JGOB= 2vs( 100  I - 
Thus the voltage-gain-bandwidth product is constant for a 
single cavity maser. When discussing performances the sub- 
scrir't o is dropped and, in the expression 	G is under 
stood to be the maximum gain. 
If the frequency variation is taken into account the ,/S-) 
:oduct is still a constant but then 
/ 
2v5 1 - - 1 - 
VGB
= 	It Q QO 
('+ !) 
Vs 
. is the Q of the paramagnetic resonance line, 	which is 
LVL 
of the order of 5-10 for a material of the higher concentra-
tions used at 770K. 
101 is in the range 701000 so it is seen that the assump- 
tion of IQI constant is a justifiable aDproximation. 
Taking the best value of lql l 	700 and a good Q0 	5,000 
V03 is about 24 G-c/s at 770K, This is larger than most 
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observed values, which are -in the range 14-16 Mc/s. The cast 
value so far reported is a,/GB product of 215 Me/s with a Q. 
of only 3,000 (eitbock 8). The noise temperature of a liquid-
nitrogen-cooled. maser should be of the order of 75-1000 K and 
to derive the benefit from this the gain would, in general, 
hvc to be of the order of 17-20 dB. This assures that the 
maser is operating directly into a conventional balanced mixer 
followed by a good I.F. amplifier (noise ñgu.re about 7-8 u) 
and a gain of 17-20 dB is sufficient to make the noise contri-
bution of the stages after the maser considerably less than 
that of the maser itself. It is quite conceivable that the 
maser could be followed by a tunnel diode amplifier (noise 
temperature --600°K) which would reauire a much lower maser 
gain. However, the figure of 17-20 dB will be taken as a 
suitable gain for a liquid nitrogen maser. For a gain of 
20 dB the bandwidth is limited to about 2- Me/s at the most. 
Because the frequency response is governed by a single tuned 
circuit the gain is not approximately constant even over a 
fraction of the 3 dB bandwidth. 
Thus the chief disadvantages of the single cavity maser 
are that the bandwidth is limited and the shape of the rca-
spouse curve is far from ideal. The advantage of the cavity 
'aser is that the performance is not prorortional to cavity 
volume and therefore small crystals can be used and the 
cavity can be made resonant at b_ h pump and signal fre-
quencies. 
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A.2 Trsveilin-Wave Masers 
Since it will be shown from a brief and firly elementary 
consideration of the travelling-wave maser that it is not 
suitable for operation at liquid nitrogen temperature it is 
not relevant either to extol the advantages or to expound the 
intricacies of this device at great length. This section will 
therefore set out briefly the formulae for the main, features 
of the travelling-wave maser and by inserting the "best values" 
of the various parameters at 770K the impracticability of the 
device at this temperature will be demonstrated. 
The first travelling-wave maser was built at Bell L&hi. 
in 195812  very shortly after the first cavity maser and sir;e 
then, for liquid helium operation where broad bandwidth was 
reauired, they have been used almost universally. The chief 
advantage of the travelling-wave maser over the cavity maser 
is the greatly increased bandwidth. Since slow wave struc-
tures can be designed with bandwidths much greater than the 
maser material line width it is the latter which limits the 
bandwidth of the maser. (As will be shown this does not, 
however, mean that the bandwidth of the maser is equal to the 
1inevidth of the material.) This might at first sight make 
the prospect of a liquid-nitrogen-cooled travelling-wave maser 
appear attractive since optimum maser action at 77°K has been 
shown abQve to occur in materials of higher concentration, and 
hence greater bandwidth, than are used at liquid helium 
temperature. This would indeed produce larger potential 
bandwidths but since he maser action at 77°K is much weaker, 
the gain per unit length is so small that impracticably long 
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structures would Be required. 
42l Gain and Bandwidth in Travellina-Vfave Masers 
The simplest analysis of the travelling-wave maser  assumes 
a length of guide completely filled with maser material down 
which the signal propagates with a certain group velocity vg. 
In most practical cases, in order to achieve the desired 
slowing factors, some sort of periodic structure has to Be 
used which complicates the analysis But this does not affect 
the form of the final result and attention will Be confined to 
the simple case 
It has been shown' that the amplification is doverned 
By a parameter am which depends on !J and the group velocity 
V
9 




so that power d.P added to signal in length d-e = 2.a.P.d& and 
hence for a length 	the gain G- is 
G = 
It is customary to describe the length & as a number, N, of 
ñee space wavelengths 	(N = 	A "slowing factor",  S, 
= 	Vg 
is defined and the gain, expressed in dB, is 
GdB = 273 
This is called the "electronic gain" since it is the 
theoretical gain of the amplifier, taking no account of the 
losses in the structure. It is seen that a1 is proportional 
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to 1/ 
	and hence t  3 dB bandwidth of a, is the linevjidth 
of the material. However, the bandwidth, 5, of the maser is 
the 3 dB width not of a5 but of e 	and this can be shown 
to he 
.uLcn is only onual to LvT for a gain of 6 dB and rch 
decreases as 0 sncjases as is to be excocted. 
The other main advantage of the travelling-wave maser is 
that isolation can be incorporated so that the maser is a two-
rort unidirectional arnwlifier. Such a device is stable even 
w'ien faced with a bad mismatch at either end. In general the 
ros'onse of a maser material to a circularly polarised micro-
wave field is different for the two directions of nolarisation. 
Since many slow wave structures have symmetrically situated 
regions in which the propagating wave has circularly olarised 
csmroents of o-pposite senses it is possible, by placing the 
ouser material in the arpropriate region, to Obtain a greater 
gain in one direction than in the other. G-enera.ly, however, 
this effect of non—recirrocity is exoloited further by placing 
won-reciprocal ferrite co;nnonents so as to absorb relatively 
in tns reverse direction wnile causing minimum attenuation in 
the for:.rard direction. Typical figures for recent liquid-
helium-cooled. TiLls are: (Tabor and Sibilia'°) gIeater than 
120 dt3 reverse isolation with a foruard loss of 4 dB which is 
ouite tolerable since it is more than recouped by the much 
higher gains for which the maser can be made stable than would 
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he possihlc without the isolation. 
However, at lianid nitrogen temperature the losses wosld 
be greater - not only because of the higher inherent forutrd 
loss of the ferrite elements but also because of the longer 
:tructures which would be reauired. 
For high gain in a T,/iVI, S and. H should. se as large a 
wossible and, as is general for all masers, Q 	should be 
small 	The first step seems, as before, to find the materiad 
with the best IQ 	but this is not completely divorced from 
sne otner considerations in the case of Tsi T s annco a material 
like rutile which has c. - 100-250 provades a slowing factor 
115 from the material itself and a Cr3 doped. form of 
this material has been used to good advantage at 4.2°K by 
Sabisky and Gerritsen 2. In view of their success it seems 
surprising that no one has used iron-doped rutile which would 
combine tho advantages of the zero field maser of King and 
0 1 - Ternune 	wtn tni s"self-slowing" characteristic associated 
w 	 y h ith its ver 	dielectric constant. At liguid nitrogen 
tcmpeture, however, where the best rerorted m1 	 tki ruby, 
10) are about 700,to achieve an electronic gain of 17 dB 
wauld recuire SN to be about 440. A tyuical value for S is 
(Haddad and Faxman) of the order of 100 which would reauirc 
the structure length to be 4 	. At 10 Gc/s o = 3 cm which 
wu1d eauire the structure Idrelth to ho shout 14 crcs 	If S 
could be increased to 150 the recuired length could reduce to 
10 ems. 'Even assuming that good maser crystals of this length 
could be obtained, the magnetic field requirements would be 
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difficult to meet and so far no losses in the structure have 
been considered. 
Paxjan37 has consirtered the feasibil:Lty of a liouid-
nitrogen-cooled travelling-wave maser and concluded that the 
construction of such a maser was impracticable. He investigated 
various concentraLions of ruby and obtained one of the best 
ouo ted values of 10 n I (--' 680). Several slow wave structures 
v.rere made of types ranging from ladder lines of the time used 
iy Haddad and kowe t44  brugh meander lines to the mono usual 
comb structures. 	Eventually it was deemed best to use the 
comb structure, mainly, it seems, due to considerable local 
eXJ:CrienCe in frabicating this tnpe of structure. The stras-
tare tested was loaded on one side '•.vth a ruby block 
31 mm. x 1 mm. and about 1 cm. long and no ferrite isolation 
material vise incoruorated. The measured losses were 1 dJ3/cm. 
at 290017- (s = 75) and 088 dB/cm. at 770K (s = 81). ?axman 
states that from other work done on slow wave structures at 
Iullard, losses for this type of structure •;enenelly are in 
the 05 to 1 d3/cm. range. ?axman concluded that even if the 
slowing factor could be increased to 150 and the structure 
losses kept at the lower limit of 0.5 dB/cm the maser 
would need to be about 24 cm. long. In view of Paxman t s 
measurements it seems unlikely that this could be done since 
it is a general rule with slow wuve structures that increasing 
S increases the losses and also, some isolation material with 
associated losses would have to be included. However, even if 
it is assumed that these 'best value" figures could be 
achieved and that suitably large single crystals could be 
urchased, there sre L!li twc, :ras: difficulties. 
The first is the urovisiori of a homogeneous field of about 
1 Kg- 	over the length of the structure using a magnet of 
reasonable size. This would involve a large permanent magnet 
and. although this would be very heavy and expensive this 
difficulty is not insurmountable if adequate funds are avail-
able. If the maser is to reap the advantage of freedom from 
helium liquefiers in order to permit small packaging, for, 
say, airborne use, then from this standpoint the use of such a 
bulky and heavy magnet would be prohibited. The losses 
involved in folding a slow-wave structure even once are too 
large to make reduction of the required volume of magnetic field 
by this means an attractive prospect. 
The 'second remaining difficulty and, it is felt, the most 
serious drawback of all is that thery large ruby crystals 
would probably require more pumu poier than even a high ower 
12T2 could rrovide. It is significant that although Paxman 
built several travelling-wave structures he used cavity 
methods to measure the 10,i tS  because (even with a 12TFK2) he 
could not saturate the pump transitions despite structure lengths 
of the order of only one centimetre. 
For the above reasons it was decided that ?axrnan's con-
elusion that iiquid-iiitrQgen-qQ1ed traveThL1ngway nasers are 
not a feasible proposition was justified and it was therefore 
decided to concentrate attention on the best way of ortimising 
the performance of the cavity maser.  
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CHAPTER FIVE 
.an ctnce Coinnenseti on in Cavity 	;ere 
hsuceatility, of a J2 ama.lneiic o. orialnear. 
resonance is given by the eçoression: 
-"U 
/ 
- 1 ± j.2r.T 2.v) 
where 	= neak value of the absorptive component of the 
complex susceptibility. x = 
/2 
Lv = frequency deviation from resonance 	- v) 
T0 = spin-spin relaxation time. 
This anlies to a Lorentziar line shape of the type exhibited 
by the higher,  concentration materials used at lic1uid. nitrogen 
temnerature where the line width and shae are determined by 
spin-spin interaction. It is normally accepted as a good 
avoroximatoon for the lower concentration material used at 
lIuid helium temperature although here the line shape is 
Fig. 5J 
beleived to tend more to the Gaussian since it is determined 
by lattice defects iather than spin concentration. It is 
convenient to represent this by the network shown in Fig. 
.:here 
1 	 _______ 
G = 	 = 
and there is also a reactance 
j 
 
- 	[L 0 	.V 	- 	LL 0 .V. 
Inversion of the resonance gives 
lit







This is represented by the above network with signs of 0-, L 
and C reversed (Pig. 5.2) 
F 1g. 5.2 
Kyh1 	in 1960 first suggested that it should be possible 
to exploit the negative L and C which occur in addition to the 
negative G in order to improve the bandwidth of the cavity 
maser. He suggested that this might be done by interposing a 
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passive coupling cavity between the input :.avcguide and the 
maser cavity itself. 
Cook et al. 46 used this principle in an X-band ruby ma;r 
for a radiometer. The coupling in this case consisted of a 
'Ic inch brass plate with a rectangular hole cut in it. (Tue 
dimensions of the hole were determined emoirically.) The 
front of the coupling plate was open to the gside which 
esulted in the desired strong overcoupling. The hack of the 
coupling cavity was formed by the silver plated maser cavitj 
with a small coupling slot cut in it to provide the smaller 
degree of coupling reauired between the two cavities. The 
coupling cavity contained a probe of adjustable penetration 
which caused the cavity to resonate in what the authors 
describe as a "semi-coaxial" mode and adjustment of the 
Penetration of this probe tuned the cavity. Using this system 
at 4.2°7,_JãB products of from 200-500 Me/s. were obteined. 
For a system of this type B = KG and the rests were 
found to agree with this. 
Nagy and FrieJman 7 later extended this work by building 
a maser with two active cavities side-by-side across the "a r ' 
dimension of the wavegiide each coupled to the waveguide by a 
resonant coupling very similar to those of Cook's maser. 
The active cavities were tagger-tuned 20-30 Mc/s. This maser 
rroduced /B products as high as 1700 Me/s at 420K. Nagy and 
Friedman suggested a rule for systems with n resonant elements: 
1 
G2 B = K 
This gives for n = 1 the familiar rule GB = K. For the 
system of Cook with n = 2 this gives G Y11B = K which is in 
agreement with the results obtained. If the system of Nagy 
and Friedman is taken to have n = 3 this predicts GB = KG'S  
and the "best fit" to the experimental data was the exponent 
0305 which was claimed to be in good agreement. It is not 
immediately obvious which resonant elements constitute the 
three since at first sight there appear to be four (two active 
and two passive cavities). In answer to an enquiry about this, 
Nagy (private communication) agreed that it does appear that-
there are four rather than three resonances but stated that the 
experimental results agree more closely with the figures for a 
three-element system. He said also that they had observed the 
two-peaked response degenerating into a three-peaked response 
at lower mid-band gains. From his remarks it is apparent that 
it is very difficult to predict the performance and shape of 
the response curve for a system with two active cavities. 
Nagy commended the work of Kyhi et al.4a  since the cavities 
in their maser were restricted to a single mode which made 
analysis of the system much easier. 
The paper of Kyhi et al. includes a theoretical and 
practical account of a maser with one active maser cavity and 
one passive coupling caviby. In this case, the coupling 
cavity was loaded with undoped polycrystalline sapphire and 
was very similar to the maser cavity itself. Operating at 
liquid helium temperatures Kyhl obtained bandwidths of about 
70 ic/s at 14 db. gain (420K), 100 Mc/s at 14 db gain (150K) 
al 
and. 140 bc/s at 10 db (42°K). The paramagnetic line width of 
the material was 67 Mc/s and thus the bandwidths of the maoa 
were of the same order as the lineviidth. The mid-band gain of 
14 ds was no doubt chosen to show the extent to which this 
principle could be applied to increase the bandwidth. For any 
iactica1 anrlication designed to take hil1 advantage of the 
extremely low noise temperature of the liquid-helium-cooled 
maser a more realistic gain would be in the range 2-35 J.B. 
Nevertheless the i enrovement in bandwidth over other cavity 
masers even at higher gains would be considerable and the most 
salient feature of this paper is the remarkable degree of 
agreement between theory and experiment which extends not only 
to the bandwidth but also to the detailed shape of the 
response curves. 
In designing the liquid-nitrogen-cooled maser it was 
decided to follow the single active cavity anproach of Kyhl 
et al. for two main reasons. Firstly, the detailed analysis 
which is nossible with only one cavity exhibiting maser action 
would allow an assessment to be made of the performance which 
could be expected from such a maser. Secondly, the question 
of available pump power dictates that the size and number of 
active cevities be kept to a minimum. As has been stated 
earlier it is marginal whether or not a cavity maser using a 
small crystal of suitable concentration can be pumped using a 
conventional low-power reflex klystron rather than the high-
power floating-drift-velocity tube. It was considered most 
aehihely that a maser with two such cavities could be effoc-
tivcy pumped with the low-power tube. 
The analysis which follows is based on the analysis of 
Kyhl except that it has been necessary to extend Kyhi's treat-
ment to include cavity losses. Kyhl neglected cavity losses 
com-pletely since the values of jQj were 155 (l 5°K) and 240 
(420K). The relevant parameter is the ratio of ImI to 
the unloaded cavity Q. No values of Q0 are available for 
Kyhl' a maser but from similar masers operating at these 
temperatures it is reasonable to assume a Q. of about 5,000. 
	
The worse of the two cases with 	= 240 therefore yields a 
value of lQm IIQO of the order of 005 which can legitimately 
be neglected in relation to -1. However, at liquid nitrogen 
temperature I QI is much higher and Q. is lower and allowance 
must be made for this. The system is represented by the 
network shown in Pig. 5.3. 
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= 27T v s 
The magnetic Q, Q, is defined as before:- 
	
Q = - 	-_ L a G3 
The coupling between the two cavities produces a split in 
resonant frequencies in the absence of paramagnetic resonance 
1 
2) -v = B 	A 	21rfiC2 
and this is normalised to the line width thus: 
Coup 	
03
ling parameter k 
= LVL 	= 
The extent to which reactance compensation may be applied 
is determined by the parameter 'a' which is the ratio of the 
energy stored in the cavity to the energy stored in the line. 
It is desirable that this parameter be as small as possible. 
LG 2  
a = 03 = IcJ/ 
The parameter which describes how much of the emitted 
power will be lost in the cavities is b = IQmI/Qo and this 
should also be as small as possible. For a system like that 
of Kyhi where the coupling cavity and the maser cavity are 
very similar it is reasonable to take b as the same for each. 
(In a system where this is not so a different value of b for 
each cavity must be used which complicates the algebra but does 
not affect the form of the analysis.) 
The mid-bend gain is determined by the coupling between 
the 1/aveguide and the coupling cavity and this is conveniently 
represented by an ideal transformer of turns ratio n:l. Thus 




In terms of a normalised frequency variable x = 
V
, the 
a -A  L 
values of the normalised impedances associated with the 













The turns-ratio of the ideal transformer is such that 
Z1 	= n2 Z2 . 
The choice of G3 eaual to - 	is abitrary. rjlj5 is  
convenient because then the condition with n = 1 and b = 0 is 
a LLLCt "anti-match". This corresponds to the limiting case 
of infinite rain. Since the imredance of the wavegaide is not 
in general eaual to - 	it is necessary to transform to this 
from the actual imredance of the viaveguide. In theory this 
merely requires suitable adjustment of the turns-ratio of the 
ideal transformer. The difficulties involved in achieving this 
in practice particularly where the crystal size is small will 
be discussed in the next chapter. 
For x = 0 the mid-band gain G is given by 
= (1 ++ (1 	b) 
(1-n) 
Hence from the reciprocal expression: 
2 	G-l/ 	b2 n = 	(1+ 
1-b 
I 
e reauired value of n2 for any desired G0 may be calculated 
allowing for b. For the chosen mid-band gain and the avail-
able a and b values variation of gain with x and k can be 
computed. This was done for gains of 50 (17 db) and 100 
(20 db). The values of b used, ranged fpoii 0 to 0'20. b = 0 
is the ideal case of lossless broadbanding elements used by 
Kyhl. The value of t a' used for the initial computations was 
taken as 60. This was arrived at in the following way. The 
'best values quoted for I cqn j were about 680 (calculated from 
data given 0:1 Pax;nan37 and Reit'bock' ). In neither case was 
the linewidth of the material measured but from information on 
Line widths uroviaed by J. C. Gill (private communication) it 
was estimated that the linewidths of these materials would be 
in the region of 100-150 Mc/s. This would give a 'best value 
for 'a of about 7 but since it was subsequently established 
that in Peitbock's maser the pump transitions were not 
saturated completely a slightly lower value was used in anti-
cination of an improvement when a crystal of concentration 
similar to his could be adequately pumped. 
Figures for single cavity masers with the same araeeu 
a and b and the same mid-band gain were also computed using the 
fol-I owing network; 
R2 	L2  
a 
4 
zt-I- 	 z2* 
F Ig.5.5 
where all the component values are the same as for the two-
cavity maser except for n which 'becomes n'. This is 'because 
calculation of the mid-band gain now only involves the loss 
due to one cavity. 
Hence 
or, for a given G. and b 
2 
ni 	= 
Fig. 5.6 shows the response curves for G = 100 with k values 
selected to give the best characteristics. Curves are drawn 
forb=0, OlO and O•20. 
Fig. 5.7 shows similar curves for 0- = 50. 
It can be seen that the improvement of the double cavity over 
the single cavity maser is appreciable even for the relatively 
Door b value of 020. This value would correspond to 
IQm! = 1,000 and Q. = 5,000 which should be readily attainable. 
Fig. 5.8 shows the variation of response curve with the 
parameter k. It is striking how sensitive the shape of the 
response curve is to this parameter. It became apparent at 
this point that, in a system with no means of adjusting k 
other than by adjusting the size of the coupling slot, this 
would be the most critical adjustment involved in the con-
struction of the maser. 
It is important to note not only the improvement in the 
3 db bandwidth but also the improvement in the shape of the 
response curve. For the single cavity maser with its 
Lorentzian response shape there is zero bandwidth which is 
effectively flat. In the case of the double cavity maser the 
flat region of the response curve, though small in extent at 
fjg.5.6 
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liquid nitrogen temperature, does exist and the 1 db and db 
bandwidths are very much improved over those of the single 
cavity maser. 
Some idea of the expected performance can be obtained by 
inserting estimated values for the various parameters. Line 
widths of maser materials vary quite widely but, for the con-
centrations to be used, VL is of the order of 150 Mc/s. The 
parameter "b" cannot be expected to be any smaller than 10 
at best. Using these values in conjunction with Figs. 5.6 and 
5.7 it is found that the best expected bandwiths are: 
7.5 Mc/s, for 20 dB gain 
and 	15 Me/s for 17 dB gain. 
From the above calculations it was concluded that at 
liquid nitrogen temperature a two cavity maser of the Kyhi type 
would provide a significant improvement over the single cavity 
masers previously used at this temperature. 
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CHAPTER SIX 
Deo:Lgn and Construction of a Two-Cavitr Maser 
6.1 Methods of Cavity Construction 
It was necessary to decide at an early stage how the 
cavities were to be made and to what extent (if any) they were 
to be tunable. The first tunable cavity maser was built by 
Morris, Kyhl and Strandberg20 in 1958. It involved a 
1 x 1 x - cm ruby crystal across the shorted end of a length 
Of 1 cm >< 1 cm waveguide and the remaining wall of the cavity 
was a non-contacting plunger. Since the volume of the guide 
not occupied by the high dielectric constant of the ruby was 
beyond cut off the TE13 mode was evanescent in this region 
which meant that the field intensity in this region was low. 
This had two important effects; the filling factor 77 remained 
high despite the comparatively large volume change required to 
tune the maser over its signal tuning range from 84 to 
97 cc/s and the Q0 even with the non-contacting plunger was 
adequate (2,000). 
Even with a single cavity maser, however, tunability is a 
doubtful asset since, to follow the signal tuning,the pump fre-
quency and d.c. magnetic field must be tuned accordingly. 
Theoretically it would be possible to calibrate adjustments 
for these so that they could be adjusted to any desired opera-
t -in gpoint but in practice it would be necessary to have test 
equipment on site to check this from time to time. This 
adjustment which is complex for a single cavity maser would 
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be totally imracticable for the two-cavity maser in view of 
the sensitivity of the latter to the:prameter k. In view of 
these difficulties and also the consideration that in many 
possible applications of the liouid nitrogen maser e.g. air-
borne radar, satellite communication and EFR spectrometers, 
tunability would not be particularly advantageous and, in most 
cases, adjustable parameters might be a decided disadvantage 
since steps would have to be taken to ensure that they did not 
drift off the rroper settings during operation. Thus it was 
felt that efforts to make the maser tunable would have little 
prospect of success without very cumbersome and possibly 
unreliable adjustments and even if this success was achieved 
the increased losses necessarily introduced by providing these 
adjustments would considerably inhibit the performance. It 
was therefore decided that it would be preferable to concen-
trate on broadbanding the maser as much as possible rather than 
to sacrifice some of the bandwidth in an endeavour to achieve 
tunability. 
Tunability of the coupling cavity would, however, be a 
most useful feature since, adjusting the slot between the two 
cavities to vary k changes their resonant frequencies by 
different amounts. This is because the common slot is the only 
slot in the maser cavity vrhereas it is the smaller of two 
slots in the coupling cavity. It would therefore be advan-
tageous to be able to re-adjust the resonant freauency of the 
coupling cavity to coincide with that of the maser cavity. 
The choice here is between. the resonant coupling plate of 
Cook et al. and a proper tunable cavity. The Cook type of 
MA 
cavity has several disadvantages apart from those pointed out 
by Nagy (Drivate communication) regarding uncertainty as to 
winch mode or modes tne coLLpling plate oscillates in. To 
retain the tunability feature, the cavity formed by the hole 
in the plate could not be loaded with dielectric which means 
that the maser crystals would have to be large and even then 
the coupling hole between the crystal-filled maser cavity and 
the air-filled coupling cavity might have to be larger than is 
desirable. This is incompatible with the decision to keep the 
maser crystals as small as possible from considerations of avail- 
able pump power, crystal cuality and cost. Furthermore the Q0 
of such a resonant coupling plate could not be expected to be 
high. Some very brief preliminary experiments were carried 
out using a cavity of this type but no results were obtained. 
The highest Q's are obtained with air-filled cylindrical 
cavities operating in the TE 1 	mode. This is the type of 
cavity normally used for wavemeters since the wall currents 
are everywhere azimuthal and therefore the Q is not affected 
by the contact between the sliding plunger and the wall. An 
air-filled cavity of this type is subject to the same objection 
concerning difficulty in coupling to a small crystal as the 
coupling plate since it would have to be so much larger than 
the maser cavity. A further objection to the air-filled 
cavity, also because of its size, is the large volume which 
would require to be refrigerated and the large pole gap of the 
d.c. magnet required if the coupling cavity is to be adjacent 
to the maser cavity. In principle there is no reason why the 
coupling cavity cannot be placed a whole number of wavelengths 
away from the maser cavity and remain at room temperature. 
Since the use of small maser crystals dictates that tapered 
:ave-gaide sections be used to connect the maser cavity and 
the guide, determination of the correct coupling would, in 
practice, be extremely difficult unless the characteristics of 
the taper are near-ideal. 
The simplest and, it was felt the best, approach, there-
fore, seers to be to have the coupling and the maser cavities 
as similar as possible and in immediate juxtaposition to one 
another. To achieve this using the desired small maser cry-
stals, the coupling cavity must be loaded with a low-loss 
material of dielectric constant similar to that of the ruby 
itself, such as undoped A12 03 . To retain the feature of 
tunability of the coupling cavity it would then be necessary 
to use a cavity of the type used by Morris et al. but 
terminating one end of the cavity in a length of guide beyond 
cut-off does not appear to permit a large enough Q0 for use at 
liquid nitrogen temperature. The Q.obtained by Morris et al. 
was 2,000 at 42°K. which Was acceptable since the value of 
was about 350. Even assuming that the Q0  would not be 
any lower at 770K, this value is too low since the estimated 
best value of JQ.J at this temperature is about 650 and this 
would lead to a value for the parameter b of about 03 which 
is rather high for an extra broadbanding element. It was 
therefore reluctantly decided not to make the coupling cavity 
tunable. This was only done after careful consideration since 
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it was realised from the results of Chapter 5 that, owing to 
the extreme sensitivity of the maser to the parameter k it 
ro'uld be difficult to align the maser without any means of 
tuning the coupling cavity other than by altering the dimensions 
of the cavity or the sizes of the courling slots. 
Having accepted that fixed tuned cavities would be used 
it was decided to make the cavities by cutting the ruby 
material (or A1203 for the coupling cavity) to a suitable size 
for resonance and plating the material itself to form the 
cavity. This method was first suggested by Cross49 and has 
been widely used both at liquid helium and liauid nitrogen 
temperatures. Although masers have been built with machined 
cavities and good results obtained at liquid helium tern era-
ture, the performance of masers at liquid nitrogen temperature 
has been better with plated cavities. The following table 
shows values for various liquid nitrogen masers. 
Mode Crystal Size (mm) Construction Authors 
Silver Plated 
TE 101  71 x 35 x 7•1 4,000 iiaiman2  
Crystal 
TEjoj 71 x 35 x 71 
Silver Plated 





x 35 x 7l 1,915 
Cavity Ahern36  
TE 202 19 x 4•1 x 136 Mobbed 3,670 G-eimer 
and 
202 19 x  41 x 136 Copper Plated 11,600 
J 	
Plant21' 
It should be noted that, other things being eoual, the TF mode 
has a Q0 about  359 higher than the TE 	mode. From the mole 
it is seen that tle plated cavities gave much bettor reSO.LCS 
than the machined cavities. 
The best results quoted were obtained with the copper 
plated cavity of G-enner and Plant. In order to make the conner 
adhere to the ruby a layer of aluminium about 100 X9. thick was 
first evaporated on to the crystal and then about 3,000 of 
copper was deposited. The thickness of copper was then built 
ur to the required extent by electroplating. In a discussion 
with Plant it ias oug':sted that the vacuum was degraded from 
10 	or 5 x 10_6 torr to about 5 x 10 	torr whilo evaporating 
the aluminium in order to allow the aluminium to oxidise 
slightly and hence act as an adhesive bond between the A1903  
crystal and the copper which will not. adhere to one another. 
0-enner and Plant stated that the chief advantage of this 
method apart from the high Q was the very strong bond which 
withstands repeated recycling to 770K and can also (once the 
thickness has been built u) withstand the temperatures 
necessary for soft-soldering. 
The two chief nroblems in coating crystals by this method. 
are the prevention of contamination and the related difficulty 
of manipulating the crystas in the vacuum chamber. In an 
effort to re-produce the results of Genner and Plant a rotary 
drivo was built so that four sides of the crystal coeld be 
coated without removing the crystal from the vacuum. Absolute 
cleanliness is essential and a typical cleaning process is: 
12 hours in hot caustic soda, 6 hours in aqua regia, followed 
by washing in double (or preferably triule) distilled rz5te. 
fuef the firs 4- sides n.ve been coated the crysal must then 
be rcmoved from the chamsr and turned around in the mount so 
that the other 2 sides may be coated. It is obvious that this 
is crucial since there can be no question of the cleaning 
urocess being rercated at this stage withaut r suovi 	the 
coatings already applied. The original team a !..d.d. hd 
c:wesc;oraole trouble with this croces and desinte 	o'tion 
kindly supplied by Plant (private communication) the re-cults 
obtained, with this method here were not satisfactory and it 
was eventually abandoned in favour of the simpler and more 
reliable method of fired silver coatings. In retrospect, 
even if the evaporation process had been successful, the time 
taken to adjust the slots would have been prohibitive since 
this method recpiires that all six faces be plated if any 
reduction in the size of cou-pling slots is required. The 
silver coating method involvespainting the crystal with a 
colloidal suspension of silver in an orge:ic thce and then 
baking it at 750°C to remove the base, le .ring a coating of 
silver. This method was first suggested by Cross 	who usod 
a paint called Eanovia 32-A but better results have been 
obtained here using Degusda 178L recommended by Peitbock. 
The crystals are first cut oversize from the boule using 
a diamond saw (e.g. Burger and iJeyer Quartz Cutting iachine 
QS2). 0-rinding excess ruby off can be done fairly rapidly 
with 120 or 240 grit carborundum and water on a cast iron lap.. 
The crystal must then be polished with diamond laping paste 
of decroasing article size. Ti1:Ls material is expensive and a 
convenient and satisfactory approach was found to he to use a 
fairly large particle size (14 micron) for the initial polish-
ing out of the carborundum scratches and then to o1ish with 
- a -L1d size on a special 	ed (Hrocel) which 
effectively reduces the particle size. hfter polishing the 
crystals are washed in acetone or carbon tetrachloride and 
coated with silver. 3 or 4 coats of silver are required to 
achieve maximum Q0 and this yields a coating of silver about 
1-2 thousandths of an inch in thickness. Each coat must be 
taken uw to 7500C slowly (about 3 hours), held at that temp era-
ture for 30 minutes and allowed to cool very slowly (4-5 
hours). Alternative silver suspensions reauiring to he heated 
to only about 300°C were tried but these did not give as good 
as those fired at 7500C and 1irthermore the bond between 
silver and the crystal was not strong enough to permit 
repeated recycling between room temperature and 770K. Even 
with the Degussa silver some trr.uble was encountered with this 
differential cooling problem but, following a suggestion by 
keithock that the corners of the crystals should be rounded 
off, this wroblem was overcome. Eei tbock recommended rounding 
off the corners to a radius of about 05 mm. but is ha P been 
found unnecessary to round off quite as much as this. The 
radius of curvature is difficult to measure but can so 
reasonably estimated using a microscope with a traversing 
stage. The stages of construction from boule to finished 




Values of 01, in the range 3,00 to 4,000 v.iere 	corded 
for cavities made in this way.  Since the method of measuring 
o involves measuring the apparent Q0 at critical copling and 
doubling this, Q 0 cannot be measured for the finally adjusted 
cavities but it was assumed that thce would have Co s of the 
same order. 
6.2 TI::ser Cevity 
The maser crystal dimensions were originalJy designed to 
be similar to those of Maiman and Reitbock as shown On 04 	rw to 
Fig. 6.2. dith the crystal cut at the angle shown those awe 
the minimum dimensions which will support resonances at the 
reauired um-,-) and signal frequencies. The modes are TE LQI at 
X-band for the signal freanency and TE 103 at K-band for the 
puma. The anarorriate value of the dielectric constant, e 0 , 
for 	P vector at angle 0 to the c-axis is given by the 
folloy;ina ecuation (which is derived from the tensor elliasoid 
of ): 
.L 	cos 20 	sin20 
- 	2 + 2 
C0 	 C 11  
and E are the values of c parallel and perpendicular to 
the c-axis. For the configuration shown in Fig. 6.2 the 
dielectric constant for the signal mode is ce and that for the 
ruma mode is simly c. Using the accepted values of ll 53 
and 953 for CH and c, respectively gives Eo 	= 101. 
co /l1) 
= 	
+ (c = 	velocity of light in vaduwa) 
a c 




Maser Cavity Configuration 
Fig.6.2 
- Ji2  
- 2/\2 C2 
It ai±l Pc seen that each of the modes is labelled as i —LCI  
coracsponding coepling slot was parallel to the direction 
corresponding to the first index in the expression TE m . 
Iheec 
 
.- odes are chosen with their E-vectors at right angles to 
one another to prevent coupling of the pum power into the 
signal waveguide. In view of the small size of the crystals 
the pump power is introduced through a side face of the crgstal. 
The above exnressione for vs and V fl leave one dimension 
arbitrary and it is convenient to make a = c which also mcxi-
ioises the Q0 for the TE101 mode. 
The original design was for a signal freauency of 
9375 Gc/s with the corresponding ramp frequency at 23- 57 Cc/c. 
IJith the configuration shown in Fig. 6.2 and 0 = 54°44', the 
dimensions as calculated are 
a = 713 mm. 
= 041 mm. 
c = 713 mm. 
Calculation of the values to the above number of figures 
is misleading since there are three separate effects which 
cannot be calculated. 
The "rounding-off at the edges of the crystal recuired 
to provide adhesion of the silver coating causes an increase 
L n frequency of from l to 3'. 
The coupling slots lower the frequency by an a:iount 
winch can be as large as 27' for a cavity which is over-
coupled to the input guide. 
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3. 	Obviously the cavity must be adjusted for rc-ionarice 
at the correct frequencies at 77°K. Unfortun tly th 
rercotage increase in resonant freauency on coolin from 
room 	:sture to 770K is not constant but do ends on 
the size of the coupling slots. it is in the region of 
.md.justoent of the cavities can, in the final stages, therefore 
ouly be achieved by"cut-and-try" methods. 
It was decided to order 4 crystals of concentrations 
varying from about Ol5 to about O6i Cr203/Al903. 	ssPi 
the fact that it eras expected that the size could ho calculated 
to within a few percent, it was deemed advisable to xed.er the 
crystals considerably oversize. P farther precaution .:as to 
order the crystals rectangular to avoid the risk of coaiñasion 
of axis direction if two of the dimensions were the same. ih 
saccificat ion was as follows: 
90 x 80 x 40 mm. c-axis at anIle of 
550  to the 
normal to the 90 > 8 0 sun. face and in the lane of 
the 90 x 40 mm. face. 
The crystals were ordered cut because, although esrience 
in cutting crystals from the boule had been obtained, it 'us 
felt  that the resources of a large concern would produce better 
results. This assumrtion proved to he incorrect. The first 
crystals which were delivered were cut correctly but contained 
inclusions so large that they could be seen with the naked eye 
end the promised analyses of ch0)7 mium content uir not su :.lied. 
These crystals were replaced but this took about 5 months and 
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after some d.ifficilty had been exuerienced in obtaiain- even 
5. 5J55.j555 agreement with the theoretical calcuiLasions it was 
concluded  tja1  the crystals were wrongJuT cut. It was verified 
b' ortical and X-ray analysis and by EP that the CrystaLS 
wore cut with the c-axis at 550  to the -lane of the 
90 x 30 mm. face, not the normal to this alane as specified. 
It was unthinkable, however, to wait a further 5 months to 
-urea Lh as crystals replaced. Portuitously the effective 
diclscLric cons Lent in the relevant direction is greater and 
hence the crystals were too large rather than too aeaJLl. It 
was therefore decided to change the cavity di aensicra to make 
ace of these crystals. It was impossible to retain the P.: eaire 
of eqLal a and c dimensions because the c dimension also 
affects the K-band resonance. Since the c-axis is in the 
correct ,lane (perpendicular to the E-vcctor for the aumu 
resonance) the dimensions for the rump resonance are unchangod. 
The value of ce corresponding to 0 = 3506? is 1055 and, 
putting this into the exuression for v, it is found that, 
with a = 715, c should be reduced to 6 84 mm. 
The analyses rovided with the crystals showed that the 
concentrations were 0 15, 020, 026 and 045 Cr2O3 in A"203 . 
It is unfortunate that such a large gap should exist between 
the 026 and 046 concentrations. This could not have been 
avoided without considerable exaenr e since the crystals cannot 
hegrown with exactly s-pecified concentration and the only 
method of obtaining crystals of closely srecified concentration 
is hr rowing them with approximately the desired concenLuation 
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until one close enough to the required specification is obtained. 
:lnce the 4 unich were obained by specilyang approx1oaely ne 
concentration cost £150 each it was mpracticao1e to demand 
closer tolerances on the concentration. 
Had the crystals arrived to cuecification ard within the 
originally quoted order time the auproach ':cid hav bees. to 
cut the cry3tal of 10; eat concentration to exact size first and 
thus to determine fairly accurately the recuired size for the 
other three. The intention was to have eventually four maser 
cavities each operating as a single cavity maser, from uzLch 
the rarameter I Qrn I could be measured for each and tiie crystek 
exhibiting the strongest rnaer action chosen. The line uicYch 
would then have been measured for this crystal after which the 
crystal would have been replated with smaller coupling slots 
and adjusted for two-cavity operation. This would permit 
calculation of all the parameters involved and allow detailed 
comparison of the exDerimental results and the theory. It is 
an unfortunnte consecjxence of the weaker maser action at 77°h 
that the optimum value of the counling jarameter 	is very 
much smaller (- 0 2) than at 4 20K 	2) . This moans that the 
slot bot':een the maser cavity and the couling cavity must be 
so small that if the guide is terminated by the maser cavity 
alone, the maser is undercoupled to such an extent that it can 
only be a crated as an oscillator. ha a result of this tho 
oec;ratng frecuency of the two-cavity maser would have to be 
higher than that of the single cavity maser. This leads to 
the further conwlication that the cavity would have to he lapped 
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to bring the K-band pump resonance to the corresponding fro-
cuenc:T. Due to the delay caused by the wrong oriontnticn of 
tIe c itls, however, it was necessory to confine attention 
io one crystal only and the 0206,7 crystal was chosen. Ithor- 
more rth the alteration in signal 	oouency dimension CU 
while cndeavouring to keep the  band resonant fre uency con-
stant the signal freauency was higher than originally intended 
before suitable resonances corresponding to tho same d.c. 
magnetic field were obtained and it was decided to proceed 
directly to tvo-cavi ty operation. The mode configuret ion of 
the maser cavity is as shown in Fig. 6.2 but 0 is now 
which makes the relevant value of the dielectric constant 
= 1055. The dimensions are as follows: 
0 
a 	= 	0- 28" 
	= 7ll mm. 
b = Ol5d" = 39l mis. 
= O253 	= 643 mm. 
Th values of the resonant frcouencies calcuieted from these 
dirseisions and the value 	ry s obseed exneni,:entn --Ly ::re 
calculated 
observed 
observed (77 K 
(room temneraturo) 
68 - 70 
2397 2398 2'i14,: 
The :'(OCflCL coJljng slot is so small that it is difficalt to 
ooerve the resonance at room temn ueature. 
TTe size of the K-hand cow- ling slot is 2 mm x 04 mrs. 
linc Cvitir 
it 	s originally intended to ue olyc1'yt LU 	ml uLum 
tar the comuiin[.; cavity since this material is isouronic mU 
has a dielectric corintant of the same order as the 	by itself. 
This  was the material used by Kyhi et al. 	in tii :.:o_c.vitr 
reactance compensated maser discussed in Chapter 5. tuch 
samales of .Tolycry:talline alumina as were tested ho.:cve, 
iCe not Siii.t5ble for Uating in the maimer used for the ruby 
crystals. These se-males could only be g.olished to a limited 
extent, beyond which the finish could not be improved. Kyhl 
et ml used. fabricated cavitios and therefore the 0 was not 
denendent on the surface finish of the dielectric matorimi 
It uomld thus a.peai' that for this application the best 
crial LiQuid be single crystal undoped Al 03. Ti material, 
ho.;ever, is e;coenaive and since several ruby crystals wore 
available ahich were unsuitable for use in the active cavity 
(for a variety of reasons) it was decided to use one of those 
for the massive coupling- cavity. Care must obviously be tahen 
to ensure that the crystal is not so oriented relative to the 
d.c. manetic field that an absorptive maramagnetic resonance 
occmrs which vjould constitute a source of loss in thc; nn.iei. 
tin.ce the angular spread of the absorntion. lines present in 
rU  by of the concentration being used is limited this coniit: an 
canha r;udily satisfied. 
is decided rreviously the coupling cavity is 0 aratet in 
tue same mode as the .signal resonance of the maser cavity, i.e. 
for the orientation used, 0 = 79° and c0 = Y58. The 
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final diacasions are as follov:s: 




licit = 0- 237 11  = 729 mm. 
L5 meant coaLJl±nT slot which aabossnis the ideal taa.nformc;r 
in the lunined circuit representation has dimension 
5 mm x 03 ma. The iosonant ftecuencies of this cavitg at 
aoon t. Tferture and 77°K are recorded below but it should he 
noted that neither of the two cases auotcd coxnespcnds 














Pan this cavity the observed freo 	 ll nencies are in a 	cases less 
than he calculated one due to the Large coanling lot. This 
orodominates over the effect of rounding off the crystal 
cannans and the cooling to 77°K both of which tend to increase 
the resonant freoucncy. 
I IHiistoent of 0ounlira lots 
Thc final adjustment of the resonant freouencies of the 
two cavities is effected by slight variations in the coupling 
slot sizes. This also affects the gain and tho bandwidth of 
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the maser. The coupling between the passive coupling cavity 
and the input waveguide governs the gain (in conjunction with 
Q) and the coupling between the two cavities (described by 
the couriling parameter k) determines the bandwidth and the 
shape of the response curve. 
At first, attempts were made to photo-etch the slots but 
this proved to be extremely difficult since available photo-
resists do not protect against etchits strong enough for silver. 
These attempts were abandoned at a fairly early stage when it 
was realised that even if perfected, photo-etching is a rather 
curthersome method since the desired size of the slot is not 
known and this method does not lend itself well to adjustment 
or the slots. 
Eventually it was found that satisfactory results could 
I e obtained simply by painting the silver round the slots with 
a fine brush. Small reductions in slot size can readily be 
made under a low power microscope but enlarging the slot size 
has to be done by scraping the silver away with a sharp scriber 
and then etching very carefully with nitric acid to remove any 
silver remaining. This frequently resulted in rather too much 
coming off and the slot size having to be reduced again. This 
was avoided as much as possible by endeavouring always to be 
adjusting down in size rather than up. 
The mostouhlesome feature in the adjustment of the 
parameter k is that altering the size of the common slot does 
not have the same effect on the resonant frequency of both 
cavities. This slot is the only X-band slot in the maser 
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cavity and therefore even small chang 	 l es in the SOt SLC 	LU 
tue Ore cuency by an amount large comarcd with cue su1I oriiwt 
in the Oreauency of the couuling cavity whec is alrsady uoavily 
loaded by the large slot coupling it to the gaidc. 
Ii. 5 	Teno red :uTe real-On 'nct ions 
In order to counle efficiently into these ..-- CLViali:s 
it is necessary to reduce the di:ens ions of the innut aaveauides 
to such an extent that they are beyond cut-off unLess they are 
ielcctric-loaded. The most suitable material for this loading 
is iolycrystalline sapphire or alumina (A1003) and the load ia 
tanered so that the effective width of the goide is approxi-
mately cons tant. For low VSWR, tapered transi tic ins in wove-
g:.ides should, if possible, be "long" i.e. about 10 guide wave-
lengths , rj  s would require, hoever, that the X--band 
dimension toner be at least 20 cm long and the "b"diiencicn 
taper longer still, resulting in an F-hand transition more than 
50 cas long. This is impracticably long and thus a short 
transition must be used. 
For a short taper the beet diacins ions muet be doteruined 
enroiricatly which is extremely difficult to do since to assess 
accurately the VS7 of the taper a matched load in the reduced 
guide section would be required. This would, of course, also 
have to be dielectric-loaded to keep it above cut-off. 
Ththe FliOFO, to determine the VtFJII of iii 15 1 ood woe ltd re - ui 
a slotted line in the reduced (and hence dielectric-loaded) 
section. It was therefore decided to accept the dimensions of 
?eitbock for the short tapers he used of which he was kind 
enough to supply detailed drawings. The dimensions used arc 
the same as Reithock' s but the mechanical cons tractien has ho El. n 
altcred to al, 101.7 the 	and t-band gulcics to si..icLe rc.LativC c 
one another in order that the rosition of the K-band counling 
L, relative to the end. of the -7-1-,and guide could be altered 
o nermit use of one or two cavities. 
The waveguide material in Reit'oock' s case vies dupro-
nickel which was used to cut down the heat flow from the room 
temperature end of the g:ide. The use of this rwtris.l for 
cryogenic work is standard practice but it was sot eed.ient 
to have these rather avjkward guide sections made in this a: terial 
and so they were made from brass. This would have one o:i two 
ossihle effects: either the guide is cooled satisfactorily 
but the refrigerant boils off more rapidly or the wide simply 
does not attain the temperature of the refrigerant. for the 
laboratory system under consideration the first of these is 
acceptable since the refrigerant may readily he topued eu. To 
verify that the first occurred a thrmocoeple was laced inside 
the K-band viaveguide as near the cavity position as possible 
it :as verified that the reading on this was the same as 
that of the thermocouple itself immersed in the licuiJ 
nitrogen. 
The broad mall of the K-band guide must he as thin us 
rossible since the coupling slot for the pump power is in this 
wall. Since the counling slot is between a die lectri c-loaded 
guide and a ruby-filled cavity it is undesirable that the wall 
containing the slot should he any thicker than is absolutely 
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necessary. It was found possible to reduce the thichness of 
this wall from 40 thousandths of an inch (standard :f&20) to 
about 20 thousandths. 
The inside dimensions of the (tapered) waveguide sections 
are as shown in Fig. 6.3 and the complete maser assembly is 
shown in Figs. 6.4, 6.5 and. 6.6. 
In order to facilitate removal for adjustment the crystals 
are clamped to the end of the X-band waveguide and located by 
the mount of the brass coupling shim as shown. The aluminium 
clamp was not part of the original design but was added later 
to ensure that there is no air-gap between the maser cavity 
and the K-band guide. 
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Scale 2:1 (Dimensions in mm.) 











'.1 The d.c. orietic Field 
It is highly proha1ole that in anJT 	cha n;edu !ussr :gutei 
designed to exhloit fully the practical advantages of freedom 
from helium liauefiers would incorporate a small permanent 
magnet immersed in the refrigerant. Such magnets can be :olc 
to rrovide the required degree of field homogeneity for small 
crystals out, as has already been mentioned, with the larger 
gams required for larger crystals the weight and cost of the 
magnet increase rapidly. For the construction of Lie maser, 
ho:.revop, an elecromagne greatly ::aciltates ma;ers sunco 
the field can be readily adjusted. 
In order to determine the rauireci degree of heoogcnei ty 
it is necessary to consider the variation of the si:;:ial 
cuency v5 with the d.c. field H0. From the soiu.iii:n of the 
secular equation quoted in Chapter 3, it follows that 
V5 	2(v 2 + %v 0 2 - 	 ± 
where, as before, VD  is a constant 579 Cc/s. 
and v. = 	= 11- 55 for H0 = 413 (correswonding to 
v 5 	97 Go/c). 
Differentiating this expression, for vs, 
2(5 	3VD + 2o2 - = 	/2V0 
- I 	 2 
dv0 	 V'3VD + V 0  
"C 
lor the values of VD  and v0 given above, which we 
welorant to the maser under discussion, this c:wssi on S... 
close to unity. 
From this, therefore, 
2 
di-10 	h 
and 	 LV= 	(H0 ) = 	x 106 () 
It is required to ensure that the broadening of the 
maser line due to the inhomogoneity of the magnetic field over 
the volume of the crystal is negligible compared with the line 
width due to other effects present. Since the line width of 
the maser material is expected to he of the order of 10 hc/:3, 
variation of V 5 by about 15 Mc/s corresponds to a line 
due to field inhamogeneity of ha broadening effect cut i5 CT 
that due to other causes. From the above it is seen that this 
would he produced by a field variation of the orr of 
05 gauss over the volume of the crystal. With H 	d 
this mc;ans that the homogeneity required would be 1 part in 1C 
The size of magnet required to produce this homogeneity is, of 
course, increased by the necessity to produce it at the centre 
of a gem large enough to accommodate the dewar flash cowl 
the maser. 
To accommodate the wavegu ide system described in the pwm-
vious chapter a dewar with an outside diameter of just under 
2r inches was reouired. The magnet used was a Ncort 
instruments 7 Type E FJectromagnet fited with speciaL shims. 
This magnet, with a gap of 2 inches, provides a volume 
120 
in. x it in. x 34  in. over which the homogeneity is better 
than lpart in iO. This volume amply accommodates the maser 
crystal and this homogeneity corresponds to only about Oi of 
the line width of the material. The power supply (Type c155) 
has a stability of 1 part in iO which ensures that the 
stability of H3 is of the same order. 
This magnet specifidation ensures that it may be con-
fidently assumed that the maser performance is not, in prac-
tice, affected by the inhomogeneity of the magnetic field H0 . 
72 Pump Frequency Equipment (K-band) 
At various stages in the alignment and operation of the 
maser, three different K-band circuits were used. Pig. 7.1 
shows a simple EPR bridge circuit, Fig. 7.2 shows a low-power 




7.2.1 K-band Bridge Circuit 
To investigate the paramagnetic resonance spectrum at 
K-band the circuit of Fig. 7.1 was used. This is a simple form 
of the standard bridge circuits used in EPR spectrometers. The 
low powez klystron (EMI:9602A) is used at a fixed frequency 
and the d.c. magnetic field has a low amplitude 50 c/s 
modulation applied to it by means of a pair of Helmholtz coils. 
The 3-stub tuner is adjusted for minimum output from the 
crystal detector with no app1id field. The change in 
absorption caused by the paramagnetic resonance produces a 
signal which is detected and displayed on the oscilloscope. 
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The most sensitive bridges are actually operated slightly 
unbalanced for maximum sensitivity but the balanced bridge 
proved quite adequate for this application. The bridge 
circuit was useful for checking the orientation of the 
crystals particularly when this was necessary to verify the 
suspicion that they were wrongly cut. This display is also 
ideal for setting the magnetic field to the 0 = 54044 double 
pump angle since the resonance peaks corresponding to the 
1-3 and 2-4 transitions can be seen to move into coincidence 
as the magnet is rotated to the correct angle. 
7.2.2 Low-Power Swept-Frequency K-band Circuit 
The low-power circuit shown in Pig, 7.2 uses a co:iv-
tional reflex klystron (EMI:9602A) which is freauicy-swpu 
by applying the time-base voltage of an oscilloscope to the 
reflector. The power reflected from the cavity is rectified 
by the crystal detector and the output applied to the oscillo-
scope. This gives a display of amiilitude v. frequency which 
enables investigation of cavity resonances. Once the cavity 
resonance has been adjusted for critical coupling at the 
required frequency the high power pump circuit may be applied. 
To assist in the final stages of this adjustment a 	stll 
tuner is included. 
The adjustment of the cavity for critical coupling 
that the available pump power is sufficient to satt'irto th 
pump transitions. With the magnetic field on and a low pump 
power applied, paramagne tic absorption causes a loss in the 
cavity which becomes undercoapled as a result. As the power 
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is increased, however, the populations of the upper and lo.er 
levels of the pump transitions approach one another, the a::ount 
of the extra absorptive loss decreases and the degree of 
undercoupling is reduced. Finally, when the applied power is 
sufficient to produce saturation, the maser material becomes 
"transparent" at the pump frequency and the cavity returns ;o 
its critically-coupled condition. Obviously, this is the 
required situation for maximum performance. 
If a maser has to be operated with insufficient pump power 
to produce saturation, however, then to make the most efficient 
use of the available power the cavity should be adjusted so as 
to be overcoupled (with the magnetic field off) to the extent 
that when the paramagnetic absorption is present the effect of 
the associated loss and the cavity together produce a perfect 
match. This ensures that none of the power is reflected. 
Clearly the adjustment for optimum operation is more difficult 
in this case than it is when the pump power is adequate for 
saturation. 
7.2.3 High-Power K-band Pump Circuit 
The actual circuit used to pump the maser is shown in 
Fig. 7.3. 
The main pump source for this maser is an Elliott 12TF1,12 
floating-drift-velocity klystron with a rated output of 10 watts 
C.W. Actually both tubes oP this type which were used we1e 
capable of producing 15 watts. This tube was chosen 'to ensure 
that ample pump power would be available. The 12TFK2 is 
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fJg.7, 	Highj-Power Pump Circuit 
(4 kV, 100 mA). It also requires water cooling at the rate of 
1 litre/mm. 
It is important that this tube never looks into a 
match greater than 12:1. The isolator (FXR type K157A) shown 
is of the conventional E-plane ferrite slab type. The 
manufacturer's specification states that the rraximum power for 
this component is 10 watts OW with a load VSVR of 5. This 
means that the ferrite should be able to absorb up to about 
8 watts. This seemed rather a high power density and since 
the full power of the tube was never required it was always 
operated into a 3 dB coupler with a high-power load on one 
output arm. Even if the guide is short circuited completely 
this should be amply sufficient to ensure that both the 
klystron and the isolator are protected. 
It was originally intended that this circuit should 
include a variable attenuator to allow continuous control of 
the incident pump power. Such a component rated at 10 watts 
was purchased but when this was examined it proved to be 
simply a conventional low-power attenuator which the manufac-
turer had uprated.. Attempts were made to use this component 
after the original vane had been replaced by one of cement and 
asbestos. This material was kindly provided by the Royal 
Radar Establishment and it was recommended because it retains 
its attenuating properties even when heated to several 
hundred degrees centigrade. The disadvantage of this material 
is that it is very brittle and cannot be drilled readily. 
Sticking the vane to the mounting rods with araldite allowed. 
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the attenuator to be used but only over a limited range since 
the araldite would not withstand the heat if too much power 
was absorbed by the vane. 
Eventually, however, this attenuator was abandoned 
favour of varying the power output of the tube by adjustment 
of the voltage on the focus electrode. This had not been done 
earlier firstly because it was felt that this might damage the 
tube and secondly because it was thought that this might tend 
to alter the frequency as the output power was varied. Since 
being assured by the manufacturer, however, that this was a 
proper method of varying the power output it has been used and 
it has been found that the frequency remains constant. 
The pump power input to the maser is monitored with a 
thermistor in the side arm of a 20 dB coupler. 
7.3 Signal-Frea.uenc.Y (X-band) Eauipment 
A bridge circuit and method similar to those described in 
Section 7.2.1 were used for EPR investigation of the crystal 
axis orientation at X-band. 
The main X-band circuit is shown in F-" ---.7,4 
As a preamplifier for inclusion in a system the "maser 
amplifier" would have to include the cavities, the wavegaide 
transitions, the circulator and the low pass filter. The 
remainder of the equipment is associated with measurement of 
1-L 	Ltti' 
the gain and bandwidth. T.. - 	: 	(Hewlett Packard: 362A) 
has an insertion loss of less than 1 dB over the pass-band 
(82-124 Gc/s) and provides at least 40 dB rejection over the 
stop band (16-375 Gc/s). The detection system is the simplest 
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possible (i.e. crystal-video) as is essential for setting up 
the maser. The klystron frequency is swept by the time-base 
of the oscilloscope as described in Section 7.2.2 above. 
Unfortunately, applying a linear time-base voltage to the 
reflector of a reflex klystron does not produce a linear 
frequency sweep. It is therefore necessary to provide 
"markers" on this sweep between which there is a known and 
variable frequency interval. This is done by coupling oft a 
fraction of the swept signal which is to be applied to the 
maser and mixing it with a fixed local oscillator (L,O.) 
signal (frequency vLo) which differs from the mid-band fre-
quency of the maser by the frequency of the receiver. This 
signal has first been mixed with the signal from a variable 
frequency oscillator covering the range 01-10 Me/s (frequency 
VHF). This mixing is done in a balanced mixer to suppress the 
L.O. frequency and provide two components, VLO ± VHF. The 
difference frequency between the swept signal and each component 
passes along the co-axial line to the receiver where, at the 
point in the sweep where the difference frequency is that to 
which the receiver is tuned a signal is produced. This results 
in two signals at times on the frequency sweep which are 
separated by an amount corresponding to 2VHF.  These signals 
are passed through a simple pulse-sharpener and applied to the 
Y2 input of the oscilloscope. This provides a display of the 
type shown in Fig. 7.4 where the position of the markers 
relative to the upper trace may be altered by varying either 
the frequency of the L.O. (coarse control) or of the receive-- eceiver
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(fine control) and their spacing may be altered by varying 
Thisprovides a method of measuring bandwidth which does not 
depend on any assumptions regarding the frequency vs reflector 
voltage characteristic of the swept-frequency klystron. 
7.3.1 Maser Gain Measurement 
The gain of the maser is determined by measuring the &mOut 
of attenuation it is necessary to insert after the maser to 
bring the signal level back to where it would be if the maser 
amplifier was replaced by a short circuit. It seems to be 
accepted to measure the maser gain, even of a single cavity 
device, by taking the signal level in the "pump off-magnetic 
field off" condition as that which represents the effect of 
replacing the maser by a short circuit (egg. Genner and Plant 
This, however, shows the gain to be apparently higher than it 
really is because what is being taken as the input signal level 
to the maser is actually less than this by an amount correspond-
ing to the losses in the maser cavity. The error which would 
be introduced by using this assumption with a two-cavity maser 
is fairly small because, as is shown in Pig. 7.5, the signal 
(at the mid-band frequency) which is reflected from the maser 
in the "pump off-magnetic field off" condition is not far below 
the true input signal level. This error is dependent on how 
close the cavity resonances are - the closer they are the larger 
the error. To avoid this error the gain was measured from what 
was estimated from the shape of the swept klystron mode on 
either side of the cavity resonances ("pump off-field off" 




klystron mode shape is reasonably flat at the cent-(- --- . In 
retrospect, however, it would have been simple and effective to 
use a waveguide switch between the circulator and the maser to 
switch between the latter and a short-circuited length of guide. 
This would permit a more accurate determination of the innt 
signal level. 
7.3.2 Maser Bandwidth Measurement 
The bandwidth is measured by centering the marker pip 
adjusting their separation until they lie on the trace from the 
maser output at the 3 dB points. The bandwidth is then simply 
twice the frequency to which the variable frequency oscillator 
is set. The 3 dB level is first determined by inserting 3 dB 
between the maser and the detector and positioning the Y0 trace 
level with the top of the maser output trace. The 3 dB 
attenuator is then removed. 
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Pig. 7.6 is a photograph of the X-band. and. K-band rnico-











Results and Conclusions 
81 Pump Power 
As has been mentioned in the earlier discussion :eiboe:•: 
and Redhardt33 reported maser action in ruby at 900K with only 
80 mW of pump power. It was subsequently made clear in 
Reitbock's thesis 
Is 
 that the pump transitions were not satued 
but a gain of 13 dB was achieved despite this. It was hoped 
that in the course of this work it would be possible to deter-
mine the optimum chromium concentration and exactly how much 
pump power was required to pump the minimum size cavity filled 
with this material. Unfortunately due to the delays iolvir 
the crystals it has only been possible to achieve two-cavit: 
maser action with one of the 4 crystals ordered so the intenaea 
comparison between the concentrations cannot be made. The 
crystal concentration chosen was that which, in the light of 
the careful study made of the available information seemed 
likely to be the best of those available but it is disappoint-
ing that time did not permit experimental comparison of the 
crystals which had been obtained. 
While awaiting the arrival of the replacement crystals 
one of the earlier sampleth was used in a single cavity maser 
and this exhibited gains 10-15 dB with pump powers limited 
to 250 mW. This power was obtained from the selected EMI 
R9602 A tube (rated at 60 mW nominal) but at that time it was 
not possible to change over to the 12TFK2 to investigate how 
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far from saturation the maser was with the 250 mW. As far as 
pump power is concerned this was the best result obtained 
since all the work done on the double cavity maser has reauired 
the 12T(2 supplying powers 4 watts. As has already been 
explained in Chapter 6 some trouble was experienced in aligning 
the crystals for X and K-band resonances at the sar:e d.c. 
magnetic field and, although the cavity is resonant at the pup 
frequency, the Q, of this resonance appears to be lovi 
From the results on the single cavity maser it would see.i 
that 4 watts is higher than one would expect to be necessary.  
At the outset of the project it was hoped that it could be 
shown that saturation could be achieved with a conventional 
reflex klystron. From the fact that it was not possible to 
saturate the single cavity maser with 250 mW it seems unlikely 
that this is so since from a tube of this type an output of 
250 mW is as high as can be expected. However, since this 
project was startednew tubes operating on the same principle 
as ordinary reflex klystrons but with a design which allows 
outputs of the order of -1 watt have been produced and it 
would seem that these would be the most suitable tubes for the 
pumping of a practical liguid-nitrogen-cooled. maser. Their 
power requirements are modest and they are air-cooled. This 
latter feature is important because, apart from laboratory 
applications (e.g. low noise EFR work), it is unlikely that in 
any application for a compact maser it would be convenient to 
have cooling water supplied. It is felt that if the cavity 
could be made to resonate at the pump frequency with a goodlz 	Q 
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this should be adequate for saturation but, even if this is not 
so, it would be possible to operate the device with this power. 
8.2 Maser Performance 
Before considering the photographs of the various stages 
in the alignment of the maser the method of aligning the 
cavities will be briefly considered. 
8.2.1 Alignment of the Cvities 
The desired effect is to have the two cavities resonant 
at exactly the same frequency and the splitting of the two 
resonances of the two-cavity assembly due only to the coi1ing 
between them. If the two cavities are resonant at different 
frequencies, there is very little coupling between them and, 
the two resonances are observed separately. How close the 
cavity resonances have to be before they couple is obviously 
dependent on the size of the mutual coupling slot. If they 
are far enough apart not to couple appreciably then the maser 
cavity couples to the guide through the coupling cavity but 
does not couple to the coupling cavity. Since there is no way 
of simulating the loading effect of each cavity on the other 
the alignment can only be done with the two cavities together. 
With the coupling slots in the cavities So different in size 
the state of no coupling at all is obvious because one cavity 
is very much more strongly coupled to the guide than the other. 
When they begin to couple to any appreciable extent, hoever, 
the two resonances begin to look more alike and it is necessary 
to use the EPR absorption to determine whether or not they are 
in 
resonant at exactly the same frequency. As will be shown in 
the photographs which follow, the EPR absorption will only 
occur equally in both resonances if the splitting is due 
entirely to the mutual coupling. 
Determination of the starting point was rather difficult 
since it had not been possible to measure the line width of 
the material. From the computed data in Chapter 5 it seems 
that the parameter k may be expected to be of the order of 
01 for a mid-band gain of 20 dB and 02 for a mid-band gain 
of 17 dB. For the crystal concentration used 'LVL  is expected 
to be of the order of 150 Me/s and thus for the 17 dB case it 
was estimated that the cavity resonance splitting should be 
about 30 Mc/s. This was therefore taken as the starting point 
but it was found that the splitting had to be reduced consider-
ably before any appreciable gain could be produced. This may 
indicate that the line width, LVL, is not as large as believed 
but it is most unlikely that it is less than 100 Mc/s. 
8.2.2 Feedback and Probe -Coupling to the Maser 
In the early stages of alignment when the cavities are 
resonant at different frequencies, the maser cavity is very 
weakly coupled to the guide which causes oscillation. It was 
found that this could be prevented by using a stub mounted at 
the centre of the broad face of the input waveguide and a 
phase-shifter between this and the maser. This provides a 
reflection variable in amplitude and phase which feeds back 
the output signal to the maser. Obviously besides feeding 
back the output signal to the maser this stub will feed back 
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the input signal to the circulator and raise the effective 
noise temperature of the device. it is interesting to note, 
however, that with a small probe penetration in many cases 
the undercoupled maser could be adjusted from oscillation into 
the region of stable gain. 
With much larger probe penetrations (- half the "b" 
dimension of the guide) the phase-shifter could be used to 
tune the xesonance associated with the probe across the klystron 
mode. This produced effects on the bandwidth similar to those 
expected from the second cavity. Unfortunately the effect on 
the gain was rather drastic. This will be recognised as being 
very similar to the resonant coupling plate method used by 
Cook .et al. 	which was described in Chapter 5. Had time 
permitted it would have been interesting to make a cuantitative 
comparison between this "tuned probe" method and that based on 
the addition of the extra cavity. This tuned probe method 
seems to be rather lossy but there is no doubt that it makes 
adjustment easier than it is where the size of the mutual coup-
ling slot between the two cavities must be varied. 
In view of the limited time available, however, it was 
necessary to proceed as quickly as possible to the operation 
of the two-cavity maser. The photographs in the following 
section are of the maser at various stages in the alignment 
process. However, the probe and phase-shifter were not 
required to produce these results. 
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8.2.3 PhotograDhs Showing the Aliment of the Two-Cavity 
Maser 
Figs. 8.1 to 8.16 show various features of the aiignosnt 
of the maser. The explanations are interleaved with the 
photographs and precede the photographs to which they refer. 
In all photographs the frequency increases from right to left. 
The mid-band frequency of the two-cavity maser is 9695 0-c/s ± 
5 Mc/s in all cases. 
Fig. 8.1 	Shows the maser in oscillation. The resonant fre- 
quencies of the two cavities are so far apart that 
there is no interaction between them at all. Because 
of this the maser cavity is very weakly coupled to 
the guide and when the pump power is applied the 
maser oscillates at the resonant frequency of the 
maser cavity. 
Figs. 8.2, 8.3 and 8.4 are all of the same cavity combination. 
Fig. 8.2 	Shows a split resonance. No magnetic field. No 
pump power. From the symmetry of the double resonance 
it is apparent that the splitting is, at least -Jr, 
part, due to the coupling between the cavities. 
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Pig. 8.3 	Shows the cavity combination of Fig. 8.2 with a a.c. 
magnetic field of the appropriate value (413 Kg) 
applied. No pump. It is seen that the paramagre tic 
absorption occurs more strongly in the hiCD gher ñe-
quency half of the resporse. This indicates that, 
although there is coupling between the cavities, the 
splitting is due largely to the fact that the resonant 
frequency of the maser cavity is higher than that 
of the coupling cavity. 
Pig. 8.4 	Field on. Pump power on. 
The application of the pump power confirms the above 
because amplification occurs at the higher freqaency 
and of the response. Evidence of the coupling is 
present, however, fbr, although there is no amplifi-
cation at the lower frequency, the paramagnetic 






Figs. 8.5 and 8.6 are opposite extremes. 
Fig. 8.5 	Shows the two-cavity maser oeratinE v tull as 
a single cavity maser. The coupling cavity is having 
little or m effect. The splitting is 106 Mc/s 
and the 3 dB bandwidth is 25 Mc/s. The gain is 
15 dB. 
Fig. 8.6 	Shows a system with cavity splitting of 168 c/s 
The bottom trace was taken with the pump and field 
off and the middle trace with the pump and field 
on. The gain is nominal but from the "suaringt' 
of the response between the two resonances, it is 
apparent that both cavities are participating about 
equally. The maser cavity is resonant at a slightly 
lower frequency than the coupling cavity. 
MR 
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Figs. 8.7 to 8.12 are all of the same two-cavity combination. 
Fig. 8.7 	Shows an almost symmetrical splitting. No field. 
No pump. 
Fig. .8 	Shows the same maser with the magnetic field on. 
The paramagnetic absorption is towards the upper 
Ire quency. 
Figs. 8.9 to 8.12 were all taken with the pump power on, The 
only differences in these photographs are due to slight changes 
in magnetic field and 0. 
Fig. 8.9 Looks perfectly symmetrical which is surprising 
since the absorption shown in Fig. 8.8 is not. 
Fig. 8.10 Shows the characteristic effect of altering the field 
slightly. In this case it was lowered. 
Fig. 8.11 Shows the effect of increasing the field slightly 
and altering the angle 0 by a very small amount. 
This should cause an effect similar to Fig. 8.10 
but with the raised peak on the opposite side of. 
the response curve. The comparatively high gain 
(7 dB) observed here indicates that the cavity 
alignment is not symmetrical and that the original 
field and angle settings used in Figs. 8.7 and 8.8 
were slightly off the, values for double pumping at 
the frequency of the applied pump power. 
Fig. 8.12 This proves the above. The field strength and 
angle 0 have been re-adjusted to give the desired 
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response shape. The gain here is only about 2 dB. 
The performance is limited by the fact that one 
parameter is deliberately being de-tuned to com-














Figs. 8.13 Show a maser which is correctly aligned. As can 
and 8.14 be seen the field is very slightly too low in Pig. 
8.13 and very slightly too high in Fig. 8,14. The 
optimum would be between the two. The gain of this 
maser was 12'7 dB. The width between the markers 
is 4•8 Mc/s and the 3 dB bandwidth was estimated 
to be about 46 Mc/s. It is seen that the 
required shape of response curve is produced, i.e. 







Pig. 8.15 Shows a single cavity maser response for comparison 
with Figs. 8.13, 8.14 and 8.16 (below). This maser 
was rather unstable which made accurate measurements 
difficult. The gain -vas abou t 10 dB and the 3 dB 
bandwidth about 2 Mc/s. 
Pig. 8.16 Shows the two-cavity maser with the cavity splitt-
ing increased from the value used for Figs. 8.13 
and 8.14. The gain was 6 dB and the 3dB band-
width was 88 Me/s. The splitting in this case was 
perhaps slightly too large and the effect of this 
is seen in the way the edges of the response curve 
slope away. If the parameter k was even very 
slightly smaller the bandwidth close to the mid.-
band gain would be better defined. 
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The best performances recorded are, therefore, 127 d 
gain with a bandwidth of 46 Mc/s and 65 dB with a bandwidth 
of 88 Mc/s. As expected these are below the "best possible" 
values estimated at the end of Chapter 5. 
It is felt that the gain measured may be less than the 
maximum gain of the maser due to signal saturation. The gain 
was measured with the crystal-video system which required that 
the maser input power be of the order of microwatts whereas the 
onset of signal saturation for a liquid-nitrogen-cooled maser 
occurs at about 4 x 108 watts. It was'intended to investi-
gate the variation of gain with signal input power and a low 
noise I.F. amplifier was obtained for this purpose. Unfortu-
nately this amplifier developed a fault and it was not poss-
ible, in the limited time remaining, to have it repaired. 
At the start of this project it was decided to use one 
passive cavity to increase the bandwidth because it was felt 
that the alignment problems involved would be difficult enough. 
During the course of this work .A.xnmann3 ' published results 
obtained with a liquid-nitrogen-cooled maser which had two 
passive cavities. Despite the fact that tuning adjustments 
were available o the cavities, Ammann was unable to produce 
the predicted flat reiponse curve shape. It is clear from the 
thesis and the paper thatthismaser was well-designed and 
superbly engineered and it therefore may be inferred that a 
reactance compensated maser with two coupling cavities is very 
difficult,. if not impossible, to align. 
1 5C 
It is therefore claimed that it has been shown that the 
two-cavity liauid-nitrogen-cooled maser represents a signifi-
cant improvement over the single cavity device both in increased 
bandwidth and in the near-rectangular response curve shape 
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